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mEVACK TO TIIK l Ol K'riJlN'ni miTlOS 


pr(*st‘n(. of (his book is !uon‘ fhaii a rosisioii in (In* usual 

sonso for in il (ho proci'ss of nn\ riling', bni^un in Urn finnaslinii' nlifion, has 
luMui (’ontinu(‘<l. ’‘rh<‘ nhap((a*s on lha yaasts, (ha molds and Ilia aidinomy- 
aafas, prmiously only broui’ht. up to dalin ha\t‘ Ihm/u rapkn’ad h\ a aoin- 
pIidalN naw and ndativi'ly lon.u I'hapfiu' on uKshaal m\aolou'\. Similarly, 
(ha aha p tar <la\ oltal to ( 1 h' parasil i<* prolozoa has l»aan raplaatsl by a lon^ar 
ahaplar <»n nnsliaal parjisifolojry whiah inaludas (ha (luktN. (a|H‘\\orins and 
rouialworms in adddioii lo (ha pro(o/.oa. \\ ilh minor a\aap(ions (iia illus* 
(rations ara aoinp!<d(‘ly naw and, in (ln^i^raal majority of aasi's, oriLUiiak 
Tha v\ri(ar is ind(‘b((‘d (o liis aoIl(‘a,u'U(‘S (or (ha ramaiinha*, many of wliom 
ha\a anu'rously allowad aaaass lo lutharto unpublishta! mataria! for Ilia 
pn^parafion of pholomiaroiirraphs for prasanf purpos(‘s. Ma|)s sho\\in|ir (ha 
|LcaoLn’ap!ii<%'d disiribniion of a numbar of (ha infa<'(ious disaa*^“as ha\<' baan 
prt'parad or nslrawn lor (his book and ar<‘ also inaludad. 

In (ha proa<‘Ss (yf r(‘vision a ^’ood daal of naw malarial has l)aan addad. 
'l'h<‘r(* ara a numliar of mwv said ions, inalndin‘4 (liosa <hi (la* raspiralory 
an/.ym<‘s and o\ida( ion-radiadion poliaitial, Ihi^ antihiolia suhstanaas, Ilia 
moda of atdion of (la* sulfonaiuida <lru‘ 4 's, iso-ant i, nans and aniibodias, 
l)aalarioloy»;inal dia'Jaiosis of (ha \ arious infaallous disoasas, and (ha s(‘at ions 
on pinta, [>rimary alypiaat fmatimonia, post \ aaainafion hapalilis, and 
apidamia kara(o“<'onjnna{i\ itis. Much matarial has baan lanraly rawriftan, 
suah as tha ahaplar on \siati<M*holara, (In* saalions on tin* s ii'us disaasas of 
mam and asfxMaally ihosi* on inituanza ami tmaaphalil is, and tlia sindious 
on tlia pliMiropiHMimonia ^ronj) of miaroor^anisms, tha antiaania strmdura 
of Ilia t.>i»as, <‘\f)arimanlal (‘pitlamiolojii'y , and fin* mora *.,n‘naral 

aonsidaral ions of tha rirkaKsiaa. \ numbt'r of laldas haM‘ ha«‘n addad 
tliroumhout lha book whiah supplamanl or summari/a matarial in tin* taxb 

'f'lia ordar of prasantation has baan altm-ad slin:hfiy so tha! tha varioiiH 
miaroormanisms ara talv<‘n up in soinawhat mora lonnaal saqinmaa. Tha 
(diolara vdirio, for ('\mni)lo, lias hami ramovod from pnrsimity to tha 
spirocdirtcs and inaludad with tha aniaria ba<’illi, flu* aliaptar on HirMIsia 
has haan movad lo praaada rathar (han follow tha tiltt‘rabla virnsas, tha 
plaurofmanmonla ^moup ramovad (Vmn tha virnsas and plm*ad with 
liarf(nirll(t, ala, 

dlia writar is^raatly iiHh*bh*d to his (’ollaa^uas for invahiabla assistama* 
in lari^a and small ways. Dr. Hiahard J. Portar has undarlakt*n full raspon*- 
silulity for tha ahaplar on madiaal parasitolo*j:y, and has no! only writtan 
it but also has inaludail a numliar of ori^nnal drawinma. Dr. F. li. Dordon 
has ravisail his aliaptars on tha \irusas, and tbasa, and tlia rtiapl<*r on 
madiaal parasitolo^^y, ara spaaifi(*ally iTaditad to him and to Dr. P<irtar, 
raspa(di\ (‘ly. Dr. Salman \. Waksmam Dr. Ivlaanor \1. Ilumphrays, Dr. 
Sfapluai Holliman and Dr. H. Wandall Harrison ha\t* rt*mi tlu" manusrript 



iv Preface to the Poiirleetith luiiiioft 

of tlie cliapler on niy<H)Io^y and fiav(‘ valuable criliaisni 

13r. Harrison has also reviscnl Mu'! S(‘<‘Jjon on f.driofxirillns and d«*n!al rari«‘s. 
Very many illustrations of the iny(H)K(\s wen* rna(h‘ possibh* ftirou j li I hr 
kindness of Dr. liumphn^ys; in a numlxa* of insfan(‘(‘s firr cm »oj)rra I ion ha^ 
included the cnttin^i? and staining' of n<nv S(‘<-{ions for Ifiis purpose*. Dr. 
Rothman lias allowed th<!! writer free a(HM‘ss lo his filers of phofoinier'oirraphH 
oi the patho^^cmie fun^^i. I^r, W. H. "ralialerro, Dr. d’hc'odtu* Hoscdairv, 
Dr. A. B. Sabin, Dr. S. b]. Luria, 13r. R. 1^. S(ai k(‘v and r>r. W aksrnan 
have been most ^(‘uei’ous wit h original illusf rat ions. The* writer is c‘spcM*iall> 
indebted to IVfr. Jean W. (k'unrKdh^ of the Rholo.i'iaphie I )«*pai’tnirnf <»! 
the University of Chi<‘,a^o whos<^ skill and patiemea* have* made* possihir 
very many of the illustradons. To theses and f la* many otheu's w lio ha\c* 
offered valuable and c^oristrueti v<‘ <a*it,i<‘ism tJa* writc'r is dc'c^ply pnafrfnl 
and appreciatives 
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CHAPTER 1 


niK HISTORY AND DEVELOPMENT OF BACTERIOLOGY^ 

Bac^l ciiolo^y illustrates, perhaps better than any other branch of biology, 
the (Complex systciui of interrelationships among the sciences. Since the 
rnii^roorganistns arc so small that they are invisible not only to the naked 
eye but to the (iye aided by simple lenses, their very discovery necessarily 
depended upon thti (kwelopment of optical science to such a point that 
leasers of sudieic^.nt perfexHJon and magnifying powers became available. 

! is not stranger, tluirefore, that the many evidences of bacterial activity, 
su(^h as the putr(da(^(,ion and dc(jay of organic matter, the infectious 
diseasc^s of man and low(a* animals, the common fermentations and similar 
natural i)h(Miom(ma, should have been viewed in the past as semimeta- 
physi<':al i)ro(H'sses. Despite^ the entire lack of evidence, some of the older 
w**it(n‘s V(yi(‘ed a Ix^uvf in the existence of such microorganisms. Fracastorius 
of Vi’trona (1546) sugg(\st(xl a contagium vivum as a cause of disease, and 
von IM<iiu:iy: (1762) a(ux)uut(id for the specificity of disease on the basis 
of mi(a*obi(^ etiology. Although such speculations might be considered a 
resull. of proph<5ti(; insight, in all probability they were no more than 
gu(iss(\s to whi<4i, in view of present knowledge, it is not difficult to ascribe 
signifieaiu^e. In the absetujc of the experimental approach, the fertility of 
pliilosophi(j speculal.ion remains a doubtful quality. 

Kiredux’ hud report(id the observation of “minute worms” in the blood 
of plague pati(avts in 1659, but it is doubtful that he ever saw the plague 
bacilli. 14ic first concrete foundations of bacteriology were laid by a 
Duttdumui, Antonj van Leeuwenhoek, in the latter part of the seven- 
(,(M 5 nlii and the early part of the eighteenth centuries. Leeuwenhoek, a 
man of indefatigable industry and great curiosity, held a political sinecure 
in his native town of Delft. In his odd time, of which he apparently had 
a good deal, he ground lenses and became the most skilful lens grinder 
of ins tim(i. He utilized these lenses in the construction of simple micro- 
H(;opes and spent many years of his long life (1652-1723) in examining a 
great varied, y of natural objects, with unremitting industry if without 
system, and in the course of his observations chanced to come across the 
organisms now known as bacteria. That he did in fact observe these 
i;rea tares is evident from the drawings he left of them. In a communica- 
tion to the Royal Society,^ of which he was a member, he states, “Having 
several times endeavoured to discover the cause of the pungency of pepper 

1 XA)r doiails see Bulloch: The History of Bacteriology. Oxford University Press. New 
York. WMi. 

Phil. Trans. Boy. Soc., 1677, Observations, communicated to the pub- 

lisher by Mr. Antony van Leeuwenhoek, in a Dutch letter of the 9th of Octob. 1676. 
Here English’d: Concerning little animals observed by him in rain- well- sea- and snow 
water, as also in water wherein pepper had lain infused. 
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upon our tongue, and the rather, because it hath been lound, (,Iiat thougli 
pepper had layn a whole year in vinegar, yet it retained still its piuigene:y ; 
I did put about | of an ounce of whole pepper in water, placing it in riiy 
study, with this design, that the pepper thereby being rendered soft, I 
might be enabled the better to observe what I proposed to ntiysell. This 
pepper having lain about three weeks in the water, to whicdi I, had adchnl 
some snow water, the other water being in great part exhaled, I looked 
upon it the 24th of April, 1676 and discerii’d in it, to my great woiuler, 
an incredible number of little animals, of divers kinds; . . . ''rhe 4th sort 
of creatures, which moved through the three former sorls, wcu'e iiuaHHl- 
ibly small, and so small in my eye, that I judge, that it 100 of lay 

one by another, they would not equal the length of a grain of (roars<^ 
sand; and according to this estimate, ten hundred thousand of them 
could not equal the dimensions of a grain of such sand.” LiM'suwenhotdi is 
known to have used only simple lenses, and the highest inagnific^atiou h<‘ 
reached was approximately 300 diameters. Probably he did not obs<>!rv<‘ 
objects as small as bacteria by transmitted light. ITc k<'ipt his met.hod 
of illumination secret; it is not improbable that he us(hI ndlecdixl light, 
similar to that used in present day ultramicroscop(^s. Although his ol)ser» 
vations did not lead to an immediate development of ba(4,<niology, Ihviv 
significance was apparent to many of the scientific mim of tlie day. Slare, 
in a comment on a report^ on an epidemic among cattl(% con(4ud(^s with the 
remark, ‘T wish Mr. Leeuwenhoeck had been present at some of the dis- 
sections of these infected Animals, I am perswaded he would have, dis- 
covered some strange Insect or other in them.” 

Nearly a century later, in 1786, the Danish zoologist, O. F. MiiUer% 
studied these microorganisms and succeeded in discovering many stiaio 
tural details of which his predecessors had been ignorant, lie clepicbMl 
several kinds of bacteria so accurately that they can identified today 
as belonging to one or another of the chief divisions. 

Another unequivocal advance was made by Ehrenlxsrg (1795-1876). 
His principal work upon the ‘‘infusion animals” or “Infusionstiercheru" 
as these organisms were then termed, was published in 1838 and brought 
together much more definite and detailed informatioii coiic;orning bac- 
teria than had been previously sectored. The chief merit of h]hr(uihei*g\s 
work lay in the system that it introduced into the study of microorgan- 
isms. He was able to establish a number of different groups among th<^ 
organisms now known as bacteria, and recognized clearly the fundamental 
differences between the larger forms, such as the screw-shaped or spirally - 
twisted organisms, and certain of the true protozoa with which they had 
heretofore been classed. Some of the names which Ehrenberg conferred 
upon his “infusion animals,” such as bacterium and spirillum, are still ( 5 ur- 
rent in bacteriological nomenclature, although with changed signification. 

* Phil. Trans. Roy. Soc., 1682, i3:9$. An abstract of a letter from Dr. Winder, chief 
physitian of the Prince Palatine, Dat. Dec. 22. 1682 to Dr. Fred Slare, Fellow of the 
Royal Society, containing an account of a Murren in Switzerland, and the nietliod of 
its cure. A further confirmation of the above mentioned Contagion, of its nature, and 
manner of spreading by way of Postscript from the ingenious l>ed Slare, M. D. anfl 
F. R. S. Dat. March 27, 1683. 
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III the two or three decades succeeding Ehrenberg’s work considerable 
knowledge was amassed concerning the mode of development and physi- 
ology of bacteria, as w(^ll as their position in biological classification; but 
th<i labors of Dujardiii, Perty, Cohn, Nageli and others, although impor- 
tant, are quite overshadowed by the work of Louis Pasteur (1822-1895). 

U p to the period of Pasteur’s investigations the rdle played by bacteria 
in varioUwS familiar natural processes, such as putrefaction, decay and 
fi'.rmentation, had been, perhaps, vaguely suspected, but had not received 
(U)nclusiv<’5 demonstration. Pasteur, originally trained as a chemist, had 
done his early work on stereoisomerism. The formation of optically active 
amyl akx)hoI during th<^ cours<^ of the lactic acid fermentation attracted him 
t,o the study of th<'. h^rmiujtation processes. The demonstration of the plant- 
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Fig. — The firnt pic.torial rcsprcwduitation of bacjUuiu. ll<i|)ro(iu(ie<l from Arcana 
Naturae detecta ab Antonio van Leeuwenhoek. Delphis Batavoruin apud Henricnm 
( >oonovel<l . 1 695 , 

like nature of yeawsl by Caignard-Latour and by Schwaim, together with the 
asymmetric synthesis of amyl alcohol, led him to suspect that fermenta- 
tion was a result of the activity of living cells. This view was strongly 
opposed by the chemists of the day, Liebig, Berzelius and Wohler in 
particular, who regarded the presence of dead and dying yeast cells of 
importance only in that in the course of their own molecular disintegra- 
tion they toppled over and dragged down certain complex organic mole- 
cules with which they were in contact, l^asteur’s researches led him deeper 
into the morass of fundamental biology than, perhaps, he had anticipated, 
for, before the essentially biological basis of fermentation could be con- 
clusively demonstrated, the problem of spontaneous generation of life 
from decomposing organic materials presented itself for solution. 
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For a great many years it had been generally held tliat living things, 
even organisms as large and complex as mice, were spontaneously gwi- 
erated during the course of the decomposition of organic subslaiKU^s. The 
experiments of the poet physician Redi (1626-1697), however, indicated 
definitely that maggots were not spontaneously formed from dex;omposing 
meat but were in fact fly larvae hatched from eggs deposited in llic meat 
by flies. Spallanzani, an Italian monk, showed further that putrescablc 
meat infusions, when properly heated, did not spoil and did not contain 
living organisms even though kept over long periods of time. Needham, 
an Irish priest, took issue with Spallanzani on the basis of similar experi- 
ments in which spoilage took place and living organisms appeared in 
spite of previous heating. A second series of elaborate experiments I)y 
Spallanzani corroborated his earlier findings and indic^ated the fallacic^s 
in Needham’s experiments. Other experiments by Scdiulze, Schwann, 
Schroder and von Dusch indicated that no spontaneous generation took 
place but rather that the source of living organisms was the air iti whidi 
they were suspended, a conclusion amply confirmed by the ciaix^ful cixp(U'i- 
ments of the Englishman, Tyndall. The entire controversy was revived 
by the extended experimental work of Pouchet, which appeared to indi(Uite 
a spontaneous generation of microorganisms in heated organic; maf erials; 
and Pouchet created a great stir in French scientific; (;irc;les a stir in 
which Pasteur found himself. 

The point at issue was, obviously, whether spoilage of sucdi infusions 
took place as a result of the presence of microorganisms or whethcjr the 
appearance of living organisms was a result of the decomposition- a 
general question of which the question of the bioIogi(;al basis of fc;r men- 
tation was a special case, Pasteur’s extended and careful investigations 
showed beyond reasonable doubt that microorganisms were present in 
air, the numbers varying with the place from which the air <;ame; that 
putrescible material which had been heated sufficiently to destroy all life 
would keep indefinitely with no evidences of either decomposition or the 
presence of living organisms; and, finally, that a common source of con- 
tamination of such sterilized material was air in which living microorgan- 
isms were suspended. 

The fact that life came only from life (biogenesis) and was not spon- 
taneously generated from non-living materials (abiogenesis) having been 
established,^ it was not difficult to prove that fermentations resultecl from 
the physiological activities of living, growing microorganisms. Further- 
more, the specificity of fermentations, the fact that different kinds of 
fermentations were consequences of the activities of different kinds of 
microorganisms, grew out of his work. The transition from studies on fer- 
mentation to studies on infectious disease was not a difficult one to make, 
for there was a growing awareness among scientific men of the day of 
the similarities between the development of disease in an individual and 
the fermentation of sugar solutions. 

Pasteur was led into a study of the “diseases” of beer and wine, proc- 

^ Speaking scientifically. Philosophic speculation is beyond the scope of the present 
volume. 
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esses whi(!h he found to be none other than secondary fermentations 
brought al)oul, tlxrough tlie activities of extraneous microorganisms, de- 
compositions tliat, resulted in the accumulation of end products of an 
undesirable nature, lie controlled the fermentative process by gentle 
heating followed by inoculation of the fermentable mixture with micro- 
organisitis whicdi brought about the desired type of decomposition. The 
heating pnxu’iss has bccxi termed “pasteurization” in his honor, A further 
devxiopmcnt. was a study undertaken at the request of the silk growers, 
of pebriiKi, a dis(iaso of silk worms which was assuming considerable 
e(x)notni<^ importaru^c^. I Fere too a microbic etiology was discovered and 
prac^tical (control numsurcs could bo and were applied. 

Th(^ sxM^allcd g(X‘rn theor y of disease had, at this time, permeated more 
and mor*c gi^n*, rally into the srrientific thought of the day, largely, per- 
haps, as a r'csult of (.hc^ str'ong support it received from Pasteur’s researches 
on fcirnuxitation. Lister (1827-1912), an English surgeon, was one of the 
lii'st to grasp tlu^ signifuuuu^c of Pasteur’s work in relation to human 
dis(^as(% and put new (‘, one, opts into practical operation with his intro- 
ducli<m of tlu^ antiseptics tex^hnique into surgical operations. The free 
usc^ of sl.rong cuirbolic^ acid brouglxt xd)out a marked decline in surgical 
mortality, whic^h had Ixjcn terTifically high in oven the most minor opera- 
tions, it rcanaituid, however, for Robert Koch (1843-1910), a German 
physicnan, to dcwcilop thci expci*imental methods necessary to the proof 
of th(^ clausal relation hetwc^cn ha(4,eria and infectious disease. 

Oiu^ of the grciixl.c'st difhcuiltic^s ciu^ountercd by the early workers in 
bac^tcaiology was that, of sc^parating bacteria from one another. That 
morphologically dilfercuit typcis existed was calcar; and, further, that 
organivsxxus exhibiting the Siinxci nxorphology differed from one another in 
ahilily to producx^ disc^asc^, had bcHui appixrent from the early work on 
pyemia. Pcrha|)s one's of the greatest single (X)txLribntions to bacteriology 
is thci in(4,hod of isolation of bacteria in pure cailturc developed by Koch, 
ft <x)nsist(xl, csscuitially, of ciulture on a semisolid medium, a nutrient 
cnvironrxient solidiOcHl by thcj addilion of gelatin or agar-agar — a method 
so simple^, and ycit so (^fcH^-ivc that it is used practk^ally unchanged today 
(p. 21). Ko(4x iixxd a<4iievcd what he had said only a year or two before 
Wixs “impossibles” 

A 1 1, hough it wiis almost entirely through the works of Pasteur that 
bae;teria and olheu’ micToorganisms emerged from their relative obscurity 
as organisms of iiU-ercist cihiefly to the professional biologist and took a 
conspicuous position in natural science as a group of organisms whose 
a<rtiviti(is and capabilities were full of a far-reaching significance for all 
mankind, the contributions of Koch and the German school were also of 
fundamental significance. If any one man can bo looked upon as the 
founder of bacteriology, that man is Louis Pasteur. Likewise, the infant 
science owed its firm experimental foundation directly to Koch, a founda- 
tion without which it could never have become a science. 

The isolation of bacteria in pure culture, coupled with the methods of 
staining developed by Koch, Ehrlich, Wiegert and others, so markedly 
stimulated the study of bacteriology that the ensuing decade or two, 
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the eighties and nineties, became in truth the first golden age of that 
science. As the history of all science is, in essence, the history of its method- 
ology, so in bacteriology discovery of the specific etiology of a vari<?ty of 
infectious diseases followed rapidly upon Koch’s studies of anthrax and 
his isolation of the anthrax bacillus. Koch himseJf isolated and desciribiMl 
the tubercle bacillus in 1882 and the cholera vibrio the following year. 
Other discoveries tumbled in one after another with bewildering rapidity. 
Klebs described the diphtheria bacillus in 1883, and in 1884 Loffler iso- 
lated and studied this organism; Fraenkel discovered the pneumocotx-us 
in 1886, and the following year Weichselbaum isolated the meningococtuis; 
Kitasato cultivated the tetanus bacillus in 1889, and in 1894 he and 
Yersin discovered the plague bacillus independently. These and many 
other similar discoveries made cleai* to the world in a striking fashion f,hi^ 
significant implications of the new science. 

Meanwhile, the investigations of the French workers had taken a Bonu‘- 
what different turn. Many years before, in 1796, Jenner, an hhiglish 
physician, observed that infection of human beings with cowpox, a diseasi'; 
of cattle closely resembling smallpox, protected against subsequent inf(i<‘- 
tion with smallpox. Pasteur, investigating first chicken cholera an<l latc^r 
anthrax and swine erysipelas, succeeded in demonstrating a basic principli^ 
of immunology, that inoculation with attenuated microorganisms, thosi* 
which by some sort of treatment had lost their virulence, resulted in tlu^ 
development of an increased resistance or immunity of the inoculated 
individual against later infection with the same organism. Pasteur’s most 
striking application of this principle was in the (levclopment of a pro- 
phylactic treatment against rabies — an accomplishment with some eh*- 
ments of the dramatic because of the dread in which the disease was 
held. Not long afterward the American workers, Salmon and Theobald 
Smith, discovered that the inoculation of killed bacteria would also stim- 
ulate the development of the immune state. The cellular theory of im- 
munity propounded by the Russian zoologist, Metchnikoff, was soon 
overshadowed by the discovery of tetanus antitoxin by von Behring and 
Kitasato and, shortly afterward, the discovery of diphtheria antitoxin by 
von Behring, and the precise studies of the humoral antibodies by Bordet 
and others; only in recent years has it come into its own. The utilization 
of the immune phenomena in the diagnosis of disease by Wassermann, 
Widal and others, Paul Ehrlich’s development of bis side-chain theory of 
immunity and his initiation of chemotherapy through the synthesis of 
salvarsan all contributed to the expansion and development of bacteriology , 
The discovery of the filterable viruses, apparently living agents too small 
to be seen with the most powerful microscopes, by Iwanowski, Beijcrinck, 
and Loffler and Frosch brought up new problems, many of which are still 
unsolved today. 

The new science, sired by Pasteur and nurtured by Koch, expanded 
beyond medicine and infectious disease into agriculture and the industrial 
fields. The genius of the Russian worker, Winogradsky, made possible the 
elucidation of the perplexing problems of soil fertility by his isolation of 
autotrophic bacteria which oxidized ammonia to nitrites and nitrates. 
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''rhe discovery of the nitrogen-fixing bacteria living symbiotically with 
leguminous plants by Hellriegel and Wilfarth and of the free-living nitro- 
gen-fixing forms by Winogradsky and by Beijerinck further clarified the 
puzzles of soil fertility and indicated the important functions of the soil 
bacteria. The discovery of the bacterial etiology of pear blight by Burrill 
and the isolation of bacteria responsible for many other diseases of plants 
have shed new light on old agricultural problems. It has also been dis- 
covered that other kinds of bacteria impart the characteristic flavors or 
aromas to butter, cheese and other dairy products; and that still others 
determine the success or failure of various industrial processes, such as 
the retting of flax, the tanning of hides and, perhaps, the curing of tobacco. 

Thus, in the space of only a few decades, bacteriology had become a 
full-blown, vigorous young science, fully capable of standing on its own 
feet — and this from Leeuwenhoek’s “little animals” that behaved in such 
(uirious ways. 

Th('. outstanding succ^oss of the practical applications of bacteriology 
should not be allowed to overshadow the Inct that it owes its present impor- 
tant place amotig the biological sciences quite as much to its general scien- 
tific significance. It has been often pointed out that bacteriology has pro- 
diKied a (hange in man’s conceptions of the world around him so sweeping as 
almost to deserve the term “revolutionary.” Up to the middle of the 
ninetcicnth ccTitury the (character of many of the most familiar natural 
pro(‘c«HCs, siK^h as dc(Uiy, fermentation and the like, was entirely mis- 
understood; contemporary spontaneous generation of at least the lower 
forms of life was tlui generally accepted belief of most scientific men; 
inrc(itious diseases were not sharply differentiated from one another and 
the most fantaslic^ hypotheses were advanced to explain their existence. 
Although the gr(^at mass of material phenomena elsewhere had been 
brought into apparent orderliness and system, here was a region in which 
(.he uns(uentifi(^ imagination rioted in mystery and extravagance. The 
penetration of this r(uilm of obscurity by the discoveries of bacteriology 
gave the human nxcD for the first time iu its history a rational theory of 
diseases, dispcdled the myths of spontaneous generation, and set the process 
of decay and kindred phcnometia in their true relation to the great cycle 
of living and non-living matter. The new (‘onception of the microscopical 
underworld whi(‘h bac.teriology brought into biological science must be 
I’ccjkoned as a cjonspicuous landmark, and, in so far as it has changed the 
attitude of man toward the universe, should be regarded as one of the most 
important triumphs of natural science. 

Underlying all the applications of bacteriology are certain fundamental 
facts and principles concerning the structure, mode of development, and 
geruiral physiologic requirements and capabilities of bacteria themselves. 
This subject matter constitutes the ground work of bacteriology, and is 
essential not only to a proper comprehension of the present practical 
applications f)f bac^tcjrioiogy, but also to the further development of the 
science. 



CHAPTER 2 


METHODS OF STUDYING BACTERIA 

The various methods used in the study of bacteria arc based upon 
intensive studies on the physiological capabilities and of 

these organisms as well as their relation to environmental circumstaiu^t-s, 
not only favorable, but detrimental or lethal. Although tlie informatioii 
gained from such studies is considered at greater length in subsc(|ucnt 
chapters, a brief r 6 sum 6 of the commonly used methods is ess(mtial to the 
initiation of bacteriological studies. 

In general, bacteria are studied in pure culture, i.e,, a single kind of 
bacterium free from other similar organisms. The isolation and main- 
tenance of bacteria in pure culture obviously entails the elimination of 
extraneous microorganisms from the glassware, culture media, insl rumen is 
and other pieces of equipment used in the manipulation and (nilfurc of 
these organisms. Bacteria and other fungi, such as yeasts and molds, are 
widely distributed over the world as we know it. So ubicpiitous ara^ thc\se 
organisms that there are few places where they may not be Ibund. 1110 
elimination of contaminating microorganisms consists, th(ircror-(^, not in 
avoiding them, for this is ordinarily impossible, but in th(‘.ir desl.rutd.ipn. 
Complete destruction of living material, or sterilization, as it is usually 
called, although not as simple as might be thought, ivS not dinicnilt wlnni 
the proper precautions are observed. 

The Sterilization, of Glassware and Instruments-™- llie agent most, 
commonly used for sterilization is heat in one form or another. Dry lu^at, 
although not as eflicient as moist heat, is a most convenient ixu^ans of 
sterilizing pieces of equipment such as glassware and instruments. (J lass- 
ware — flasks, Petri dishes, etc.^ — should be clean and dry and if ne.w 
should have had a preliminary cleaning in sulfuric acid-dichromaie (jl can- 
ing solution. Containers such as flasks, test tubes and the like should 
plugged with a good grade of non-absorbent cotton. The cotton plug may 
be folded and inserted into the flask or test tube with forceps or it may 
be rolled into the form of a plug. At times gauze plugs, cotton plugs 
wrapped in gauze, may be desirable. The presence of cotton plugs allows 
the free passage of air but prevents the entrance of microorganisms float- 
ing about in the air, thus maintaining sterility within the container after 
removal from the sterilizer. Petri dishes and pipettes, the latter usually 
plugged at the mouth end with cotton, may either be wrapped in paper 
or placed in closed cans. Surgical instruments may be wrapped in towels 
or paper; hypodermic needles are commonly placed in plugged test tubes; 
syringes may be separated and wrapped in paper; and other instruments 
may be similarly prepared. The plugged tubes and flasks, pipettes and 
Petri dishes and other pieces of equipment are placed without crowding 
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The Sterilization of Glassware and Instruments 

into a hot air sterilizer. These are ovens of one type or another, the 
Lautenschlager type being one of the most efficient. Such ovens are heated 
either by gas or electricity and are equipped with thermometers. The 
temperature is raised to 170° to 180° C. and maintained for a period of 
two hours. This suffices to destroy all bacteria, even the most resistant 
forms. There are two possible sources of error which may result in failure 
to destroy all microorganisms. First, the material may be too crowded 
or tightly packed in the oven, and, second, in some ovens considerable 
variation in temperature occurs in different parts, in some of which it 
may not be sufficiently high to insure sterilization. The latter, however, 
is not a source of error in ovens of proper construction. In the absence 
of exact temperature control, a slight browning of the cotton is some- 
times taken as evidence that the proper temperature has been reached and 
maintained. 

Some other instruments, for example the tips of forceps and the plati- 
num or nichrome wire loops used for transferring bacteria, may be steril- 
ized by heating to a dull red in the bunsen flame. 

A more efficient means of destruction is moist heat. Simple boiling either 
in water or 1 per cent soda solution for three to five minutes suffices to 
destroy vegetative forms of most bacteria. When instruments are to be 
used for operative purposes, boiling suffices, since it destroys all patho- 
genic bacteria; but if they must be free from all bacteria, they must be 
sterilized in a hot air oven or by steam under pressure. 

Intermittent Sterilization . — It was discovered many years ago by Tyndall 
that a single boiling did not destroy all microbic life, even though pro- 
longed for some time, but that if the boiling was repeated on successive 
days, putresciblo material could often be rendered sterile. The procedure 
of intermittent sterilization, occasionally called tyndallization, has since 
been found to be successful. The bacteria not destroyed in the initial 
heating are in the resistant spore stage; by the following day most, if not 
all of these, have germinated into the less resistant vegetative cells and 
can be destroyed by the second boiling. The method is useful in the 
sterilization of materials which would partially decompose under the 
influence of higher temperatures. 

A more convenient as well as more efficient method than simple boiling 
is to expose the material to be sterilized to free-flowing steam. The Arnold 
sterilizer commonly used in the laboratory is constructed with a false 
bottom so that a minimum volume of water is heated to produce steam 
quickly, while the main tank is constantly fed by the water of condensation 
which is caught and collected by an outer jacket. 

The medium or other material to be so sterilized is heated for fifteen to 
twenty minutes. The steaming process is repeated on the second and third 
days, the medium being kept at 20° C. in the intervals. This method of 
sterilization is not, however, always successful. Bacterial spores often show 
delayed germination, and the transition to the less resistant vegetative 
forms may not take place in the twenty-four-hour interval between 
steamings. Further, the spores of obligate anaerobes may not find suffi- 
ciently anaerobic conditions in the solutions and therefore may not ger- 
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minflt.p; until subsequently inoculated ■with bacteria that x>rodu<’.e aiiaer<)bi(' 
conditions incidental to their growth processes. 11, however, four suc- 
cessive steamings are employed and the iuteival belwcHiti steamings is 
lengthened to forty-eight hours, most flasks of media will r<!inaiii 
sterile. * 

Autoclave Sterilization,-~~BY iox the most efficient method of sterilization 
is the use of steam under pressure. The temperature of boiling water at 
760 mm. Hg atmospheric pressure is 100° C., but if the water is (sonfiued 
so that the pressure within' the container rises, the boiling point and, con- 
sequently, the temperature rise also. In this way it is p()ssil)Ie to take 
advantage of the high sterilizing efficiency of moisl, lu^al. at (.(^mpcrat.u^t‘B 
above 100° C. 

The devices commonly employed for the use ol‘ steam undcir prt^ssurc 
include the common pressure cooker, autoclavCvS of various typ(‘8 and 
design, and the more complex ‘'dressing sterilizers,” which are an ar- 
ranged that after sterilization a vacuum can be applied l.o dry <^Ioth 
materials quickly and completely. The horizoivLal autoclave is rnor-<^ <'<)m- 
plex than the pressure cooker in that it is steam jacketed and iwS sonuwhat 
more efficient. Steam may be supplied cither by connection to a high 
pressure steam line or by a gas or electrically heal.ed steam generator 
usually mounted beneath the sterilizing chamber. 

The autoclave is much used in bacteriologic‘al laboratories for tiui 
sterilization of all kinds of media, such as broths, scmisolid media, milk, 
etc., as well as apparatus, test tubes, discarded cultures and the like. 
Autoclave sterilization is not practical for surgical instruments and similar 
things which may rust. In general, exposure to a pressure of liftecm pounds 
(120° C.) for fifteen minutes is sufficient to sterilize completely. 'Time and 
pressure are relative, however; tubed media in closely packed hask(d.B 
should be kept at fifteen pounds for twenty minutes, and broths in liter 
quantities may require thirty minutes. In any case, the method is higldy 
efficient, incomplete sterilization being an extremely rare occurrence. 

A number of precautions must be observed in the operation of the 
autoclave. When steam is first admitted, the escape valve must l>e left 
open until all the air originally within the chamber has been displaced 
by steam. If air is allowed to remain, the pressure attained will be decJcp- 
tive in that the temperature will not rise accordingly. After sterilization 
is complete, pressure must be reduced slowly. If it goes down too rapidly, 
media and other liquids will boil violently, not only blowing out the 
cotton plugs, but also boiling out most of the liquid. A satisfactory proced- 
ure is to shut off the steam and close all the valves, the pressure going 
down, therefore, only as rapidly as the autoclave cools off. If there are 
no leaks, this process usually requires ten to fifteen minutes. 

Sterilization by Chemicals . — Sterilization by the use of germicidal chem- 
ical compounds is not common. At times, however, objects such as rubber 
tubing, rubber stoppers and the like which are adversely affected by heat 
may he sterilized by thorough cleaning in soap and water, followed by 
immersion in 1 : 1000 mercuric chloride solution for one hour. The bichloride 
may be removed before use by thorough washing with sterile water. 



Fig. 2. — Some of the common filters used to remove bacteria from fluids, yl, Seitz- 
Werke filter designed to operate with external pressure; B, small Seitz- Werke filter, 
suction model; C and D, Berkefeld filter candles mounted in glass mantles and set up 
for use. 

uoglazed porcelain. Occasionally filters for special purposes may be con- 
structed of plaster of paris and similar substances. The fluid to be filtered 
is forced through these cylinders, commonly called “filter candles,” by air 
pressure. An air pressure may be applied directly to the liquid as it is 
passing through the filter (positive pressure), or the receiving flask may be 
partially evacuated (negative pressure). In either case the result is the 
same; a differential pressure is obtained. This differential need not be 
great; one of 15 to 20 cm. of mercury is usually ample. 

These filter candles may be obtained in varying degrees of fineness. 
The Berkefeld filter, a commonly used infusorial earth filter, is available 
in coarse, medium and fine porosities (designated as V or viel, N or normal 
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and W or wenig). The V filter will permit some bacteria to pass but is 
useful for preliminary filtrations to remove the majority of the iiac't.eria 
from grossly contaminated fluids, while the N will usually remove all the 
cells and the W is even finer. The Chamberland filter, made of luigluziKl 
porcelain, is similarly graded, and the various porosities are designat (kI as 
L 1, L 2, L 3, etc. The L 3 is roughly equivalent to the Berkefeld N. 
Minute defects in these candles sometimes occur, and filtrates must always 
be tested for sterility by the inoculation of a small amount into (uilture 
media. 

In recent years the Seitz- Werke filter has come into use. Tliis filter, 
which differs radically in construction from the filter candles, is made 
entirely of metal. The filter element is an asbestos pad whi(d)t may be 
clamped into place. Each pad is used but once, and the problem of (dcianing 
inherent in the earthen candles is eliminated. 

The entire filtration apparatus must be assembled and sterilized bc^forc 
use. It is often convenient to sterilize an additional filter flask containing 
a cotton plug, for, after a filtration is complete, the filter may be rcinovcd 
and the sterile cotton plug inserted in its place. Bacterial fluids should be 
protected from light and kept in the ice-box after filtration. Candles may 
be cleaned by scrubbing with a stiff brush and by filtering a 10 per (*.<int 
solution of potassium permanganate followed by 10 per cent oxali<*, a(u<L 
When this is done great care must be exercised to wash all the oxali<j a<?id 
out of the candle by filtration of considerable quantities of clean waiter. 

The sintered glass filter has come into quite general use in recicnt years 
and has many advantages. The sintered glass plate is prepared by grilling 
the glass, placing in a mold and heating just to the melting point, the glass 
particles adhering together to form a porous plate which may be sealed 
into any type of glass funnel to give an all-glass filter. The porosity <lc- 
pends upon the fineness to which the glass is ground. Bacteria-proof filters 
of this type were first made in Germany of Jena glass and recently Imvc 
been made in this country of pyrex glass. They are cleaned with warm 
sulfuric acid containing about 1 per cent sodium nitrate; dichromate may 
not be used because it is adsorbed on to the sintered glass. 

The Preparation of Culture Media. — The nutritive requirements of 
bacteria vary greatly, but those of most organisms are relatively simple 
and are adequately satisfied by meat infusions to which partially digested 
protein material, known under the chemically indefinite term peptone, is 
added. Although the great majority of bacteriological media are more 
or less complicated variations on this theme, the so-called “synthetic” 
media, or those of definite chemical composition, are often useful. In such 
solutions the source of carbon and energy is supplied in the form of 
rf-glucose, lactate or similar compounds, and the nitrogen as an ammo- 
nium salt or a simple organic compound such as asparagin, the amide of 
aspartic acid. Ordinarily a buffer in the form of a phosphate is included, 
together with small amounts of inorganic compounds of iron, magnesium’ 
etc. that may be appropriate. The medium of Uschinsky, of interest his- 
torically rather than because of any innate virtue, is representative of the 
class. It has the following composition: 
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The Preparation of Culture Media 


WHlCif 

aHpara^?iii 

aininoniurn lactate 

Na2nF()4 

NaCl 


1 000 cc* 

4 gm. 
6 gm. 
2 gm. 

5 gm. 


wSii<‘,h solutions arc us(kI for growing fungi such as yeasts and molds and 
lor studies on hacvterial nutrition. 

Nutrient Broth, Most bacteria, however, require peptones in com- 

bination with the extractives or water soluble constituents of lean meat. 
Tim culture medium most often used is nutrient broth— a medium in 
whicti the extractives are used in the fc^rm of ‘‘meat extract,’* a brown, 
stic^ky material resulting from the concentration of an aqueous extract of 
Ician mciat. Sodium ctiloride may or may not be added. The ingredients are 
wc^ighcMl out in thc^ following amounts: 


pppump iQ gm. 

mv.nl (‘.xtnu’l 3.5 gm. 

5 gm. 

and dissolved in 1000 ca. ol water by heating. When solution is complete, 
the redaction is aeijusted. 

In rccuuit years it has l)een shown by a number of workers including 
Muellcu’^ and (Gladstone and Fildes'^ that peptone and even meat extract 
may be rciplaccjcl by appropriately prepared acid and enzymatic hydrol- 
ysates of cased n. 

Ibxciteria, like other living organisms, are relatively sensitive to the 
degre^e of acudity or alkalinity of their environment. Acidity is measured 
most (jonvonicntly in terms of the logarithm of the reciprocal of the 
hydrogen ion c'.oncjcntration, designated by the symbol pH. Neutrality is 
taken to be the rc^acd/ion of pure water — water dissociating, of course, to 
hyeirogem and hydroxyl ions, and in pure water the concentrations of the 
two are ecpial. '^Fhci c'oncHmtration of hydrogen iems in pure water is 
1 / 1 (),()()(), 000 mols pen' liter or 10“"'=' rnols per liter. The reciprocal is 
10,000,000 or 10^ and the logarithm of the reciprocal 7, therefore pH 
= 7 at neutrality. Owing i.o the facit that pH is the logarithm of a recip- 
rocal, it hcnirs an invei‘sc^. relation to acudity — the more acid a solution, 
the lower the pH. A solution whose pH == 1 is N/IO, one whose pH == 2 
is N/100. 

Bac.teria exhibit a somewhat greater -tolerance to variations in pH 
than other more delicjate organisms, as a group thriving in pH’s varying 
from 5 to 9. Although these organisms differ in their optimum pH’s — the 
lacaobacilli, for example, growing well at pH 5.0 while the cholera vibrio 
grows only in more alkaline solutions having a pH of approximately 8.0 — 
most of them will grow well at pH 6.8~7.0. The reaction of a nutrient 
medium is, therefore, adjusted to approximately this point. 

The most accurate measure of pH is ©lecirometric,''* using a hydrogen, 

^ Cf. Macdlcir axucl Johnson: Jour. IrnniunoL, 1941, 

2 Cdaclstone and Fildos: Brit. Jour. Kxp. Path., 1940, 2f:161. 

® For details se<^ Chirk: The Deter minaiion 0/ Hydrogen Ions, Williams and Wilkins. 
Baltimore. 1928. 

2 
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quinhydrone or glass electrode, but pH also may be measured with a 
considerable degree of accuracy by means of appropriate dyes (the familiar 
indicators of analytical chemistry). Certain dyes have been found which 
change color at various points on the pH scale, bromthymol blue, for 
example, being yellow in acid solution and blue in alkaline solution and 
exhibiting color changes from yellow through a series of greens to blue 
within a pH range of 6.0 to 7.6. A series of standard bulTcr solutions of 
known pH may be prepared and a small quantity of dye added to cac^ln 
The result is a series of solutions which exhibit the colors of the dye 
throughout its effective pH range and with which unknowns, to whic^h 
the same dye has been added, may be compared. The accura(*,y is usually 
±0.1 unit of the pH scale. 

The reaction of bacteriological media may be adjust e<l by trial or 
titrated in the following manner. Place 5 cc. of the medium in 20 cc, of 
neutral distilled water and add 10 drops of indicator, l^rom a burettes 
add N/20 sodium hydroxide (these nutrient media are usually too acjid 

INDICATORS 


Common Name 

Concentra lion, 
Per Cent 

Range, pl\ 

Thymol blue 

0.04 

1 .2 -2 « 

Bromphenol blui* . 

0.04 

:i.0-4.6 

Bromcresol green . 

0.04 

4.o--r>.r> 

Methyl red 

0.02 

t.4-6.0 

Propyl red 

0.02 

1.0 4>.4. 

Bromcresol purple 

0.04 

5.2--6.S 

Bromthymol blue . 

0.04 

6.0--7.6 

Phenol red 

0.02 

6.B--B.4 

Gresol red 

0.02 

7. 2-8. a 

Thymol blue 

0.04 

8.0-9. 6 

Gresol phthalein . . 

0.02 

8. 2-9. 8 


when prepared) until the color matches a solution prepared in the same 
way from standard buffer solution having the desired pH. The number of 
cubic centimeters of N/20 alkali used, multiplied by 10, gives the quan- 
tity of normal sodium hydroxide necessary to adjust 1 liter of medium. 
The reaction should be checked after final adjustment. 

After adjustment the broth is heated in a flask for ten to fifteen minutes, 
allowed to cool again to bring down any precipitate that may have formed, 
and its final reaction checked; then it is filtered through paper, placed in- 
flasks or tubes and sterilized. The pH usually drops slightly during 
steriHzation. 

Sugar Broths . — A series of media extremely useful in the differentiation 
of bacteria may be prepared from this nutrient broth base. One of the 
most useful groups is that of the sugar broths — nutrient broth to which 
has been added a sugar in a concentration of 0.5 to 1.0 per cent. The 
most commonly used sugars are dextrose, lactose and sucrose, and the: 
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ability to ferment one or more of these is one of the most convenient, as 
well as one of the most informative, of the biochemical reactions. Other 
sugars, not only hexoses but pentoses, trioses and other polyhydric alco- 
hols, may be and are used in the finer differentiation of some bacteria] 
species. Sugars that may be partially decomposed by the higher tem- 
peratures of the autoclave may be sterilized separately by filtration and 
added aseptically to the sterile broth. 

It is generally assumed that bacteria that will ferment a given sugar 
will ferment it to organic acids, lactic acid very often admixed with vola- 
tile acids, e,g., formic, acetic, propionic, butyric acids. The end products 
of bacterial fermentation of sugars may include compounds other than 
organic acids, such as ethyl and butyl alcohols, acetone, glycols and the 
like, together with hydrogen and carbon dioxide. However, the usual ap- 
pearance of organic acids when a sugar has been fermented has been taken, 
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together with the formation of gases, as a criterion of fermentation. The 
accumulation of such acids during the course of fermentation is made 
readily apparent by the incorporation of a suitable indicator dye in the 
sugar broth. Either bromcresol purple or bromthymol blue may be used 
for this purpose, for neither is toxic or inhibitory to bacterial growth. A 
tube of nutrient broth containing a sugar and in^cator is, of course, pur- 
ple or a bluish green, the color depending upon what dye is added. After 
inoculation with a pure culture of bacteria that will ferment the sugar, 
and incubation for twenty-four hours or more, the medium will be found 
to be turbid with growth and yellow in color as a result of the acid reaction 
produced. Conversely, if the sugar is not fermented the broth will be tur- 
bid but the color will remain unchanged. 

Gases, hydrogen and carbon dioxide, may or may not result from the 
fermentation of a given sugar by a particular bacterium. It may be, and 
usually is, worth while to know whether or not an organism will produce 
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gas from a sugar and, consequently, various methods have been used to 
collect some of the gas if it is formed. The simplest of these devices is the 
Durham fermentation tube, an ordinary test tube in which a small vial is 
inverted. The vial, of course, becomes completely filled with medium dur- 
ing sterilization. If gas is formed during the fermentation, some of it will 
collect in the vial and displace a portion of the medium. Such a metliod 
can give only qualitative results. Crudely quantitative results may be i)b- 
tained by the use of special tubes with closed arms. One advantage of 
carrying out fermentation tests in such tubes is that an approximat ion of 
the gas ratio may be made. Some bacteria characteristically form equal 
parts of carbon dioxide and hydrogen, while other's form two parts of 
hydrogen to one of carbon dioxide. If, after fermentation is complete, tlu* 
volume of gas in the closed arm is read, and then alkali is adtlcd to the 
culture and thoroughly mixed with it, it will be found that the gas volume 
has diminished. It may be assumed that the portion which disappoai's is 
carbon dioxide which has been absorbed by the alkali and that th(‘ part 
which remains is hydrogen. Such results are obviously only rough appi'oxi- 
mations. Precise measurements of carbon dioxide and hydrogen evolvcnl 
are made by other means. 

Media for Other Biochemical Tests . — The determination of some other 
biochemical properties of bacteria is a part of the routine examination and 
differentiation of these organisms. The most common of tlics(‘- ar(^ the 
ability to reduce nitrates, to produce indol, and to hydrolyze gelatin and 
starch. The last two will he discussed under the semisolid media. 

Nitrate Reduction . — The reducing ability of an organism may be mani- 
fested in a number of ways. These reactions, which arc somewhat more, 
complex than might be thought, are discussed briefly in a later chapter 
(p. 85). The reduction of indicator dyes is not uncomme n. Many dyes 
lose their color when reduced, and it is sometimes a source of concern to 
the beginning student to find that because his indicator has apx>arcntly 
disappeared he is unable to tell whether or not a given sugar has been 
fermented. 

The ability to reduce nitrates is usually specifically tested for by the 
inoculation of nitrate broth (containing 0.02 per cent nitrite-free potas- 
sium nitrate and peptone hut no meat extract) and, after four days’ incu- 
bation, testing for the presence of nitrite. This is readily done by means 
of the nitroso reaction: the addition of 2 cc. each of a sulfanilic acid r<jagent 
and a-naphthylamine reagent^ to 3 to 5 cc. of culture. The developnuvnt 
of a rose color indicates the presence of nitrite. The test is extremely sen- 
sitive, and a control test must be carried out on a tube of the uninoculated 
nitrate broth; otherwise one may be deceived by false positive reactions 
resulting from contamination of the original potassium nitrate with nitrite. 

Indol . — Indol is formed from the amino acid tryptophane by some 
bacteria and apparently not by others; the presence or absence of this 

< The sulfanilic acid reagent is prepared by dissolving 8 gm. of sulfanilic acid in 1000 
cc. of 5N acetic acid. The a-uaphthylamine reagent (a-amido-naphthylene acetate) is 
prepared by ^ssolving 5 gm. of a-naphthylatnine in 1000 cc. of 5N acetic acid and clear- 
ing by filtration through absorbent cotton. 
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substance is, therefore, of some significance in the separation of groups or 
species of bacteria from one another. The organisms may be grown in 
peptone water (1 per cent peptone and 0.5 per cent sodium chloride and 
no meat extract) and, after four days' incubation, the cultures tested for 
the presence of indol by the judicious addition of Ehrlich’s reagent^ in 
such a manner that it forms a layer on the surface of the medium. The 
development of a red color at the interface indicates the presence of indol. 
The specificity may be further enhanced by shaking the mixture with 
amyl alcohol, for the compound formed is soluble in this solvent. Whether 
or not a strongly positive reaction is obtained depends to a considerable 
degree on the amount of tryptophane present in the culture medium. 
Proteins vary considerably in their tryptophane content, and, in conse- 
quence, peptones prepared from different proteins will also vary. Since 
tryptophane is destroyed by acid hydrolysis, the peptone must be prepared 
by enzymatic digestion. Tryptophane may, of course, be added to the 
peptone water during its preparation, thereby ensuring its presence in 
ample quantities. 

Milk . — Perhaps the most useful single medium employed in routine 
bacteriological work is milk with an indicator added. The indicator is 
usually litmus, but bromcresol purple has been found satisfactory also. 
Milk contains both lactose and casein, and bacterial growth in this medium 
may result in any of a series of changes, all of which are highly informative. 

If lactose is fermented, the indicator will show the acid reaction result- 
ing; and if considerable quantities of acid accumulate, the casein will be 
precjipitated with the formation of an acid curd. If lactose is not fermented, 
there may be a slight transient acidity owing to the fermentation of small 
quantities of dextrose present, followed by an increasingly alkaline re- 
action resulting from the accumulation of amines and other basic com- 
pounds. The casein may or may not be precipitated as a rennin curd. If 
such precipitation does occur, proteolysis, or peploriization, as it is called, 
may proceed to such a point that the milk is no longer opaque but becomes 
clear and a light brown in color. The indiciator may be reduced under 
either acid or alkaline conditions. These types of change may be sum- 
marized briefly: 

(1) The development of an alkaline reaction, usually after three to four days’ in 

cubation. 

(2) The development of an alkaline reaction with precipitation of the casein as a 

rennet curd, with or without reduction of the indicator. 

(3) The development of alkalinity and rennet curd precipitation, followed by pep- 

tonization of the curd; the indicator is usually reduced by the time digestion 

is apparent. 

(4) Acid formation, usually in twenty-four hours, with or without reduction of the 

indicator. 

(5) Acid formation and precipitation of the casein, usually with reduction of the 

indicator. 

The culture of bacteria in milk, then, may yield a great deal of informa- 
tion regarding their physiological capabilities. 

® Ehrlich’s reagent consists of 4 gm. of p-dimethylamidohcnzaldehydc dissolv<‘<l in a 
mixture of 380 cc. of ethyl alcohol and 80 cc. of concentrated hydrochloric acid. 
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The medium itself is skimmed milk to which the indicator has been 
added in the amount of 5 cc. of a 0.25 per cent alcoholic solution Lo ca(‘h 
liter of medium. Skim milk powder is most convenient to use in the labo- 
ratory. One hundred and fifty grams of the powder is rubbed up in a mor- 
tar with a small quantity of water and then diluted to 1 liter. Indicjator 
is added in the same proportion. Medium prepared from powdered milk 
is autoclaved, but that prepared with fresh milk should be sterilized by 
the intermittent method in the Arnold. 

Infusion Media . — Nutrient broth, while a satisfactory medium for mauy 
bacteria, does not provide the more fastidious organisms with all ftu* 
nutriment necessary to their growth. This deficiency may be made up, to 
a considerable extent, by the use of infusions of fresh meat rather than 
the prepared meat extract. Beef or veal is ordinarily used. The latt<n' is 
thought by some to provide a somewhat richer medium than Ixicf. In 
either case the procedure of preparation is the same, the desii’cd result 
being an aqueous solution of the water-soluble constituents of the tissiuj. 

For the preparation of 1 liter of beef infusion broth 500 gm. (about 
1 pound) of chopped lean beef are placed in 1 liter of distilled water and 
placed in the ice-box over night. The infusion is boiled for half an hour 
the next day to precipitate coagulable protein and filtered through paper oi* 
cheesecloth. Ten grams of peptone and 5 gm. of sodium chloride are addcid, 
the volume made up to 1 liter and the reaction adjusted. After filtration, 
the medium is sterilized in appropriate containers. 

Such media may be further enriefied in a variety of ways. The addition 
of small amounts of glucose and phosphate buffer, for example, greatly 
facilitates the growth of streptococci. A variety of special infusion media 
have been proposed for special purposes. Not only infusions of other animal 
tissues, such as liver, but also certain vegetable infusions have proven 
useful. For a discussion of the last see Brewer.® The student will find these 
and other media discussed at greater length elsewhere.'^ Such infusion 
media may be used as a base for media designed for particular purposes 
just as nutrient broth is used. For example, sugar media consisting of beef 
infusion broth plus the desired sugars are used in the study of the fer- 
mentation reactions of the more fastidious bacteria. 

The Semisolid Media . — ^The semisolid media consist of a liquid nutrient 
medium, such as nutrient broth or infusion broth, solidified by the addi- 
tion of gelatin or agar in quantities of 10 to 12 per cent and 1.5 per cent 
respectively. Gelatin is, of course, liquid at temperatures above 30® C., 
but an agar gel has the peculiar, but bacteriologically advantageous, 
properties of not liquefying until it reaches about 100® C. and, once lique- 
fied, of not solidifying again until the solution has cooled to about 40® C. 
The term semisolid derives from the fact that such media may be either 
liquid or solid iii the form of gels. 

By far the most important and extensive use to which semisolid media 
are put is in the isolation of bacteria in pure culture. Gelatin media are 

® Brewer: Jour. Bact., 1943, 4^:395, 

^ Levine and Schoenlein: A Compilation of Culture Media for The Cultivation of Micro- 
organisms. Williams & Wilkins Company. Baltimore. 1930. 
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not so satisfactory for this purpose as are agar media because the gelatin 
is liquid at the temperatures at which most pathogenic bacteria grow and 
because it is itself digested and liquefied by some bacteria. In spite of 
these defects, however, gelatin has been and is useful in water bacteriology. 
It was used as a solidifying agent by Koch before agar was introduced by 
one of his technicians, Frau Hesse.® Agar, a polysaccharide obtained from 
certain species of seaweed, is not attacked by bacteria. ^ 

The semisolid media may be enriched and their compositions varied 
within wide limits to conform with the requirements of particular prob- 
lems, One of the commonest means of enrichment is that of the addition 
of 10 per cent defibrinated blood (usually sheep). Not only will a blood 
agar prepared from an infusion base support the growth of some of the 
most fastidious bacteria but, because of the blood present, the ability of 
certain organisms to elaborate hemolysins, substances which digest the 
blood, is made evident by the appearance of green or clear zones about 
their colonies. 

The Hydrolysis of Gelatin, Starch and Fat . — ^The ability to digest protein 
is possessed to a marked degree by some, the so-called proteolytic, bacteria 
and not by others. Gelatin, although not a native protein (it is derived 
from collagen by hydrolysis), is useful in the detection of this property 
since when decomposed it loses its ability to form a gel. Gelatin lique- 
faction is demonstrated by allowing nutrient gelatin, nutrient broth solid- 
iiled by the addition of gelatin, to gel in test tubes and inoculating by 
stabbing the inoculum deep into the mediuni with the inoculating wire. 
Not only is the ability to digest gelatin shown by the appearance of a zone 
of liquefaction about the stab, but the shape of this zone is often charac- 
teristic of certain bacterial species. Gelatin cultures must, of course, be 
kept at temperatures below the point at which they liquefy, usually at 
20° to 22° C. The problem of gelatin liquefaction, by bacteria which will 
not grow at these lower temperatures may be solved by incubating the 
cultures at 37° C., at which the gelatin is liquid, and then, after a suitable 
period of incubation, cooling the tubes iix cold water. If the gelatin re- 
solidifies, presumably no liquefaction has taken place; if it does not, it 
may be assumed that some of it has been digested. This method is not 
particularly reliable, and other methods such as the titration of amino 
acids liberated by digestion (formol titration) have been suggested. None 
of these, however, is entirely satisfactory for routine laboratory work. 
Proteolysis may also be detected in cultures on coagulated serum medium; 
lacunae of liquefaction form about the colonies. 

The hydrolysis of starch may be demonstrated by growth on nutrient 
agar containing 1 per cent starch. The medium is usually melted and 
poured into a sterile Petri dish. The solid medium is inoculated by a streak 
across the center of the plate. After incubation LugoFs iodine solution is 
poured on the plate. The presence of starch is indicated by the develop- 
ment of a blue color. If the starch has been hydrolyzed by the bacteria, a 
clear, colorless zone will surround the streak of growth. 

* Cf. Hitchens and Leikind: Jour. Bact., 1938, 35:21. 

® Rare forms have been reported which hydrolyze agar. 
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The hydrolysis of fats may be observed by incorpora Ling 1 per cent 
tributyrin in the agar medium; hydrolysis is indicated by the develop- 
ment of a zone of clearing around the colony.^^ Basic dyes, especially Nile 
blue, may be used for the detection of lipolysis in media containing an 
emulsified oil such as cottonseed oil.” Starr^^ recommends the us<i ol 
spirit blue. 

Lead Acetate Agar . — A further differential characteristic obscrviHl 
among the bacteria is the production of hydrogen sulfide (presuniably 
from sulfur-containing amino acids present in the peplune). llie forma- 
tion of hydrogen sulfide is readily detected by the use of nutrient agar 
containing 0.05 per cent basic lead acetate. A tube of the solid me<lium 
is inoculated by a deep stab, and the production of hydrogen sulfidis is 
indicated by the presence of a black precipitate of lead sulfide along the 
line of growth. 

Selective and Differential Media . — As pointed out above, bacteriologic'-al 
media may be modified in many ways for special purposes. By the inclusion 
of appropriate substances, media may be rendered selective — i.e., they 
may favor the growth of some kinds of organisms and suppress that of 
others. Differential media may be prepared which disclose or exaggerate 
characteristics of the paiticular organism of interest, thereby considerably 
facilitaling its isolation. If, for example, dextrose is added to nutrient 
agar and the pH lowered to 5.0 to 5.5. by the addition of lactic acid, the 
resulting medium is too acid for most bacteria (except the so-called aciduric 
forms) but yeasts and molds grow well on it. In the study of these fungi 
one may, therefore, eliminate much extraneous bacterial contamination 
by the use of such a medium. 

The addition of indicators to solid sugar media is often a desirable 
procedure. When mixtures of bacteria are inoculated on to litmus lactose 
agar plates, for example, the colonies of the lactose-fermenting bacteria 
will be red because of the production of acid and consequent change in 
color of the indicator, in contrast to the blue colonies of the other organ- 
isms. Endo’s medium, one commonly used in the study of bacteria of the 
colon-typhoid group, contains lactose, and Schiff’s reagent, basic fuchsin 
decolorized by sodium sulfite. Aldehydes restore the color to this reagent, 
and it is used by the biochemist in qualitative tests for these compounds. 
Lactose-fermenting bacteria develop red colonies on Endo’s medium, the 
color a result of the presence of aldehydes formed as intermediates in the 
breakdown of the sugar (p. 102). Further, colonies of the colon bacillus on 
this medium acquire a metallic sheen which they do not show on nutrictU 
agar. 

The addition of dyes which inhibit the growth of some bacteria more 
than that of others is common also (p. 68). A medium containing brilliant 
green is extremely useful in the isolation of the typhoid bacillus. The dye 
markedly inhibits the growth of other organisms, including the colon and 
dysentery bacilli, but, in appropriate concentrations, allows the growth 

Anderson: Jour. Bact., 1934, 27:69. 

See the discussion by Knaysi: Jour. Bact., 1941, 42:587. 

12 Starr: Science, 1941, 95:333. 
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of the typhoid bacillus. The utility of such a medium in the examination 
of fecal specimens is obvious. Another medium containing eosin and meth- 
ylene blue is useful in the isolation of the dysentery bacilli and similar 
organisms, partly because of selective inhibitory activity and partly be- 
cause colony differences are considerably accentuated. 

Some of the most selective media devised are those used for growing 
the autotrophic bacteria. These organisms, deriving their energy from 
the oxidation of ammonia and nitrite, are poisoned by organic matter, 
even agar. Liquid media containing ammonia as a source of nitrogen 
and energy and carbonate as a source of carbon will obviously support 
the growth of those organisms oxidizing ammonia to nitrite, and no 
others. The substitution of a nitrite for the ammonium salt renders the 
medium suitable only for those bacteria which oxidize nitrite to nitrate. 
Such media cannot be solidified by agar or gelatin, but instead a silica 
gel is used. 

Methods of Obtaining Pure Cultures. — When fluid culture media 
are inoculated with subslances such as soil, water or excreta, many kinds 
of organisms develop simultaneously side by side, and a heterogeneous 
mixture, or “mixed culture,” of bacteria results. This fact greatly ham- 
pered the earlier workers, and it was not until methods for obtaining 
“pure cultures,” or cultures containing only one kind of bacteria, were 
devised that experimental bacteriology was plac'cd upon a firm foundation. 

Any technical pro(;edure for obtaining such pure cmltures is dependent 
upon the isolation of a single viable bacterium which is allowed to mul- 
tiply in a suitable culture medium. Bacteriologists first attempted such 
isolation by simple dilution, i.e., dilution of a contaminated fluid with 
sterile water to a point at which a single cubic centimeter contained, 
theoretically, only one baederium. Portions of these highly diluted liquids 
were cultured in hope that in some cases at least only a single bacterium 
was present. This method was, however, inherently unsatisfactory in that 
the experimenter had no assurance that his “pure culture” consisted of 
the descendants of only a single bacterium. The first reliable method of 
isolation of pure cultures was devised by Koch in 1881. This method, the 
use of semisolid media, has proved so satisfacdory that it has been (un- 
ploycd to the present day with only minor modifications. If nutrient gelatin 
or agar is inoculated while fluid (for example, at <12° C.) and is then solid- 
ified and kept under favorable temperature cjonditions, many of the living 
bacteria that have been introduced are able to multiply. Since the bac- 
teria cannot move about freely, but are fixed in the stifTened medium, the 
progeny of each organism form distinct masses or cjolonies. These colo- 
nies consist of many millions of bacteria and are readily visible to the naked 
eye or by means of a low power hand lens. If the colonies are not closely 
crowded, a pure cxilture may be obtained by touching a colony with the 
tip of a sterile needle and inoculating tubes of fresh culture media. In order 
to secure a large surface upon which the colonics shall be spread out and 
made easily accessible, the gelatin or agar after inoculation is poured 
while still fluid into sterilized flat shallow dishes (Petri dishes) fitted with 
glass covers. 
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It will be clear that a given colony may arise from two or luoie parent 
cells if these remain attached or close together in the agar medium, and 
the colony will not be a pure culture in the event that the juxtaposed 
cells are of different species. This possibility has been investigal<‘(i l>y 
McNew^^ using the plant pathogen Phytomonas stewarti. He found that. 9B 
per cent or more of the colonies arose from single cells, hence the prob- 
ability of a mixed culture in a single colony is 0.02 or less. Sucx'.essivt'! 
plating or picking a number of colonies makes a pure culture a pracl.i('al 
certainty. It is likely, however, that this figure differs for different ba(v 
teria, i.c., staphylococci are more likely to remain attached than init^ro- 
cocci or bacilli. 

Within recent years methods have been devised whereby a single ba(‘- 
terium may be picked out of a bacterial suspension by me(?hani<uil iKU^ans 
and cultured in nutrient media. For such work an elaborate apparatus 
known as a micromanipulator is necessary, and the operator pi(‘,k8 out a 
single bacterium with a fine capillary pipette. The entire pro<;ess is ob- 
served through the high power oil immersion lens. A high degree of t.(;ch- 
nical skill is essential for such work and this procedure is used only when 
the greatest precautions must be taken to ensure pure cultures* 

It is self-evident that the pure culture so obtained is not only homo- 
geneous with respect to kind or species of bacteria, but since the micro- 
organisms are descendents of a single parent cell, they constitute what the 
zoologist or protozoologist terms a clone. 

Technique of Making Plate Cultures. — Three lubes of agar (1, 2, 
3), melted at 100® C., are placed in a water bath at 42® C., a tcmperal.un* 
that is just above the solidifying point of agar and is not injurious to 
bacteria. Tube 1 is inoculated with a loopful of the material to be x)lated.^^ 
The cotton plug is then replaced and the contents of the tube arc mixed 
by carefully tilting back and forth and rotating the tube on its long axis. 
From this tube two loopfuls of agar are transferred to tube 2, and after 
mixing, two more loopfuls carried from tube 2 to tube 3. The contents 
of the several tubes are then poured into Petri dishes. As soon as the (‘.ot- 
ton plug is removed, the mouth of each tube should be passed through 
the flame and inserted under the edge of the lifted Petri dish cover, and 
the agar quickly poured out. The covered Petri dish may then be tippt^d 
cautiously back and forth to distribute the agar evenly before it solid- 
ifies. Ag^ plates placed in the incubator after solidification should bt; 
inverted in order to avoid spreading of the growth through condensation 
of moisture on the surface of the medium. Even if there are a great many 
bacteria in the original material, the plate from tube 3 will probably 
contain the organisms in small enough numbers to develop well-isolated 
colonies. On the other hand, if there are very few bacteria in the material 
inoculated, plate 1 will probably present more satisfactory conditior\s. 
Gelatin plates are made in the same manner as agar except that gelatin 
may be cooled as low as 25® C. without solidifying. 

McNew: Phytopathology, 1938, 2^:387. 

It is often desirable to make first a suspension in salt solution, as, for example, in 
dealing with material like pus. 
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Under exceptional conditions, such as work in the field, when Petri 
dishes are not available, so-called “roll tubes” may be made. The tubes 
containing the liquid agar medium are tilted until the agar almost reaches 
the cotton plug. The tubes are then rotated in this position against a 
block of ice, and when the process is complete the test tube is coated on 
the inside with a thin layer of solid medium. In this way a consid- 
erable surface is obtained and, after incubation, colonies are readily 
picked. 

Quantitative Dilution. — It is sometimes of advantage before plating 
to make accmate dilutions of highly polluted fluids, such as sewage, in 
order to get colonies few enough in number to be well isolated. If there 
is reason to suppose that the number of bacteria is 200 per cc. or more, 
1 cc. of the sample is mixed with 9 cc. of sterile water. If a higher dilu- 
tion is required, proceed in a similar manner. 


(A) 

To (lihiic 1 : 10 use 1 

cc. of sample to 

9 cc. of sterile water. 

(B) 

“ 1: 100 

99 

(C) 

“ 1: 1,000 

(A) “ 

99 

(D) 

“ 1: 10,000 

(B) “ 

99 

(E) 

1: 100,000 

(C) “ 

99 

(F) 

“ 1:1,000,000 

(D) “ 

99 


One cubic centimeter of each dilution is placed in a stei'ile Petri dish 
and 6 to 8 cc. of liquid cooled agar medium are added. The two are thor- 
oughly mixed by tilting the Petri dish back and forth and then allowed 
to solidify. After incubation the total number of colonies on the plates 
containing 50 to 200 colonies is counted and the total number is multi- 
plied by the dilution to give the number of organisms present in the orig- 
inal sample. Such bacterial counts are relatively inaccurate, errors of 10 
to 15 per cent being common in even the most careful work, and must be 
regarded only as useful approximations. 

Streak Plates. — Not infrequently media used for the isolation of the 
more fastidious bacteria are such that it is technically difficult to make 
the usual pour plates. The most common of these media are those which 
contain fresh blood. Such media are ordinarily prepared in quantity and 
sterile plates poured. These may be stored in the ice-box until used. Dilu- 
tion and consequent isolation of bacteria may be accomplished with these 
media by a process known as streaking. A sterile wire loop is dipped into 
the bacterial suspension and rubbed back and forth on the surface of the 
solid medium, making successive streaks as close together as possible. 
After incubation it will be found that at some point sufficient numbers 
of bacteria were rubbed off the loop to allow the development of individual 
colonies in the path of the streak. These may be picked and transferred 
to fresh media. Quantitative dilutions may be prepared in sterile broth 
or saline and 0.5 cc. of each dilution pipetted on to the surface of the 
medium and spread evenly by appropriate tilting. 

The Separation of Bacterial Species by Other Means. — Heat . — 
Spore-forming organisms are sometimes separated from other bacteria 
by heating mixed cultures containing spores to 80° C. for fifteen minutes. 
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This procedure kills off any vegetative forms that may b(^ pr(\sen(„ l)ut 
leaves the heat-resistant spores able to develop it pku‘-ed under ravorable; 
conditions. This method is widely used in the isolation of the sporulat ing 
anaerobes. A further separation of different varicrties of sporivfornung 
organisms must then be effected by plating or animal iiuxnilat ion. 

Animal Inoculation . — Certain pathogenic bacteria that often o(*eur in 
the animal body mixed with other species, as is (he's ease, for (example, 
with Mycobacterium tuberculosis or Clostridium ietani, ar(^ sometinu‘s 
obtained free from other bacteria by inoculating an animal with tin* 
material containing the mixture of organisms. After allowing tiim^ for 
the bacteria to develop, the animal is killed, and tuh(\s of suitabh^ nu'd ia 
are inoculated from the characteristic lesions; in such tins sp(M‘ifH! 

bacillus will often be found in pure culture in the tissiu's. 

Methods of Growing Anaerobes. — The oxygen of the atmosphera^ is 
apparently toxic to some kinds of bacteria, and these organisms ar(‘ unabh^ 
to grow in its presence (p. 90). Various methods have been deviscxl for 
the cultivation of these organisms, all of which center about th(^ ('limi- 
nation of oxygen from the gaseous environment of the ciilturtvs. 

One of the simplest methods is that of the “shake culture,” in which a 
semisolid medium is boiled to drive out dissolved oxyg(m, cooled (pii(‘kly 
to 42® C. and inoculated. Colonies of anaerobes develop deep in the agar 
medium. Liquid media may be similarly boiled and cooled (juic.kly just 
before inoculation, and sometimes sterile oil or a mixture of p(d.!(daium 
and paraffin layered on the surface to prevent diffusion of oxygen into the 
liquid. Such seals, however, are not particularly effectives The mevthod is 
satisfactory, especially when rich media and heavy inoculations are U8 (hL 
Obligate anaerobes may often be kept in stock culture as mixed ciultures 
with an aerobic organism, the latter using up the oxygen in the nuxlium 
in its metabolic processes, thereby creating anaerobic conditions whitth 
allow the development of the anaerobe. The most important obligate 
anaerobes form spores, and if the aerobic organism used does not, separa- 
tion of the anaerobe from the mixed culture by heat is not difficult. 

The removal of oxygen by combustion has been a widely used method. 
The inoculated culture media are placed in a container — an anaerobic 
jar or vacuum desiccator — and oxygen is removed from the air within the 
container. Necessarily, the joint between lid and container must be gas 
tight- A ground glass joint lubricated with stopcock grease is generally 
satisfactory. The combustion may be carried out by saturating a piece 
of filter paper with ethyl alcohol, igniting it within the container, and 
quickly replacing the lid. Theoretically the oxygen is removed by the 
combustion of the alcohol, but practically the method is not always suc- 
cessful. Similarly, oxygen may be removed by burning phosphorus within 
the jar, the phosphorus pentoxide formed being removed by solution in 
a small amount of water in the bottom of the jar. Still another method 
has been used m which oxygen is removed by combination with hydrogen 
m the presence of heated platinized asbestos. The asbestos is heated by 
an electric coil and hydrogen run in judiciously. Oxygen is efficiently 
removed, but the hazard of explosion is not negligible. 
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A method which has been generally used because of its uniform success 
is that of absorption of oxygen by a mixture of pyrogallic acid and alkali. 
Dry pyrogallic acid (10 gm. per liter of air space) is placed in the bottom 
of the jar and 150 cc. of 1 per cent sodium hydi’oxide solution poured in 
and the cover replaced. An excess of alkali is to be avoided, for it will also 
absorb carbon dioxide, traces of which appear to be necessary to the 
growth of some bacteria (p. 125). Dack has elaborated a variation on this 
method which is highly successful. After the pyrogallic acid and alkali 
(sodium carbonate in this case) have been mixed, he evacuates the jar 
and replaces the air with carbon dioxide. This is in turn partially removed 
by evacuation, leaving 25 to 30 cm. Hg carbon dioxide pressure, and the 
vacuum desiccator sealed by closing the stopcock. This method has the 
great advantage that breakdown of anaerobic conditions by leakage of 
air during incubation is indicated by browning of the solution in the 
bottom of the jar. The pyrogallic acid method may also be used directly 
in culture tubes, a stopper of absorbent cotton being pushed down to 
leave an inch space at the top of the tube, pyrogallic acid and sodium 
hydroxide solution placed in this space, the cotton saturated, and the 
tube closed at once with a tight-fitting rubber stopper and incubated 
upside down. 

llosenthab® has suggested the use of sulfuric acid and chromium metal 
powder for the removal of oxygen from anaerobic containers, the hydrogen 
evolved driving out the air in the jar and the chromous sulfate absorbing 
oxygen in the presence of sulfuric acid some forty times faster than alka- 
line pyrogallate. 

Single Petri dish cultures may be incubated anaerobically by the use 
of the Spray dish. This dish is constructed with a lip around the top into 
which the lower half of a Petri dish may be set and sealed in with paralFm. 
The bottom is divided into two parts by a ridge of glass extending across 
the center. Pyrogallic acid is placed in one half of the bottom and a solution 
of alkali in the other. After inoculation the lower half of a Petri dish is 
inverted over the Spray dish and sealed in with paraffin. When the pyro- 
gallic acid and alkali are mixed by tilting, oxygen is absorbed and obligate 
anaerobes will gro’vy on the surface of the agar medium. 

An “anaerobic” Petri dish cover has recently been introduced by Brewer^*' 
which permits the anaerobic incubation of a single dish without the use 
of Other apparatus. 

Air can, of course, be replaced in an anaerobic jar by some inert gas 
such as hydrogen or nitrogen. The former is more often used, for tanked 
nitrogen contains small quantities of oxygen, sufficient to prevent growth 
of some of the obligate anaerobes. If some such replacement scheme is 
used, special anaerobic jars, like those designed by Novy, are more sat- 
isfactory than the ordinary vacuum desiccator. 

Special liquid media in which anaerobic conditions are attained by the 
medium iteelf are often tised for the cultivation of obligate anaerobes. 
The solutions are enriched by the addition of animal tissue; for example,. 

Rosenthal: Jonr. Bact., 1937, .?4:317. 

Brewer: Science, 1942, 95;5B7. 
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a sterile piece of fresh tissue such as rabbit kidney inay be ;ul(h'<l to tlie 
previously sterilized medium, or finely chopped beel heart may he juldctl 
before sterilization and autoclaved in the medium. Dextrosti is almost 
always included with the infusion base. Such media show sl.rong o.vygnm 



Fig- 3- — Dack’s anaerobic apparatus. A, gas reservoir; B, carbon dioxide tank; C, 
vacuum pump; D., desiccator. Culture tubes and plates are placed in the di^siccator, 
stopcocks 1 and 3 closed, and the system evacuated to ca. 8 to 10 cm. of mercury. Stop- 
cock 2 is closed and stopcock 1 opened, allowing carbon dioxide from the gas rt^scrvoir to 
flow into the system until a pressure of 50 to 60 cm. has been reached. Stopcock X is 
closed and stopcock 2 opened and the system again evacuated to a pressure of ca- 20 cm. 
of mercury. Stopcock 5 is then closed and stopcock 3 opened and the desiccator removed 
and placed in the incubator. Gas reservoir A is refilled from the tank whenever necessary 
but carbon dioxide is not allowed to flow directly from the tank into the desiccator. 
Traces of oxygen remaining in the closed desiccator are removed by the pyrogallic a<dd- 
sodium carbonate naixtur • 

uptakes, either as a result of respiratory processes of fresh tissue or of the 
catalytic oxidation of reduced compounds (such as cysteine or reduced 
glutathione) present in the sterilized tissue. Oxygen is taken up more 
rapidly than it diffuses into the solutions and, in consequence, anaerobic 
conditions prevail. 
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Animal Inoculation. — An indispensable adjunct to the study of the 
pathogenic bacteria is the experimental animal. Animals are used not 
only for the study of the pathology of infectious disease and as an aid 
in the isolation of some bacteria in pure culture, but also for the experi- 
mental production of immune sera and studies on the various manifes- 
tations of immune phenomena. The maintenance of such infectious agents 
as the filterable viruses, which can not be cultivated on lifeless media, 
by animal passage is common also. The animals generally used are rab- 
bits, guinea pigs, white mice and white rats, although in special cases 
others, such as rhesus monkeys, are necessary. 

Experimental animals may be inoculated by a variety of routes, usu- 
ally one or another being preferable under the particular circumstances. 
The common routes of inoculation are intradermal, subcutaneous, intra- 
muscular, intrapcritoneal and intravenous. Other routes such as intra- 
ocular, intracerebral, intrathecal, etc., may be desirable at times. In any 
case, inoculation is carried out with a syringe and hypodermic needle, the 
capacity of the syringe and size of the needle used depending upon the 
quantity of material to be injected and the route of inoculation. 

The site of inoculation must be prepared by removal of the hair by 
shaving or a depilatory, followed by disinfection by swabbing with alcohol, 
tincture of iodine, etc. The syringe and needles have, of course, been pre- 
viously sterilized by dry heat or by boiling. Material inoculated iniracu- 
taneoady is inoculated into the skin. A fold of skin is pinched up and the 
needle inserted, lumen up, as superficially as possible. A liaised white spot 
showing the pits of the hair follicles indicates a successful injection. iSfot 
more than 0.2 cc. may be inoculated by this route. Subcutaneous inocu- 
lation requires considerably less skill on the part of the operator. A fold 
of skin is pinched up as. before and the needle inserted through the skin 
to its full length. The injected material forms a bleb or blister. The amount 
that may be injected by this route depends upon the size of the animal. 
In the irilramuscular inoculation, the needle is inserted deep into the 
muscular tissue, usually the posterior muscles of the thigh or the lateral 
thoracic or abdominal muscles. I ntraperitoneal inoculation is <iarried out 
as one would a subcutaneous injection on the abdomen except that after 
the needle penetrates the skin, it is held at right angles to the peritoneal 
wall and thrust through into the peritoneal cavity. Intravenous inoculation 
may be carried out in a variety of ways, the choice depending upon the 
size of the animal. Rabbits are conveniently inoculated in the marginal 
vein of the ear. The needle is inserted through the skin and into the vein 
from the side. If the needle is within the vein, blood will disappear in the 
vein from the point of the needle onward as the material is injected. Need- 
less to say, the injection should take place in the direction of blood How. 
(luiiiea pigs may be inoculated into the large superficial vein on the dorsal 
and inner side of the hind leg or into one of the external jugular veins. 
Both require anesthesia of the animal and a small incision, which may 
be later closed with a stitch or collodion. Rats may be inoculated in an 
external jugular vein and mice in one of the lateral veins of the tail. 
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Drawing Blood. — Blood may be taken from tlio rabbit from th(^ mar- 
ginal vein of the ear or directly from the heart. The approprialt^ art^a is 
shaved and swabbed with alcohol. If blood is to be lakcMi from th<^ (‘ar, 
the marginal vein is cut across with a razor blade and tin’; blood allowt^d 
to drop into a centrifuge tube or test tube. Flow may he hasten<*d by 
preliminary application of a towel wrung out of hot walc^r (,o indiau^ hy- 
peremia. When blood is to be taken directly from the lu^aii., a 30 to 50 ex*, 
syringe is used and the needle inserted between the ril)s at th<‘ point of 
maximum pulsation and thrust into the heart, taking (^ar(^ to irijnn^ th<‘, 
pericardium as little as possible. Blood is most conveniently tak<m from 
smaller animals by this means. 

Postmortem Examination. — The autopsy o! experimcmtal animals 
dead of infection is often highly desirable. Not only may cultures b<^ tak(n\ 
but the gross and microscopic pathology are usually of signilic^aiu^e. Th(^ 
animal is fastened down on a board, ventral surfacu^ up. 1 1 is good pra<d.ice 
to have the board in a larger enameled tray to reduce l,o a minimum the 
danger of spreading infectious material. When cultures are to be taken, 
the animal must be opened with sterile instruments. Usually scvcu'ul pairs 
of scissors and forceps and two or three scalpels are iKXXissary, sitt^ 
of inoculation is examined for ulcerative or other changes, and llui hair 
and skin are disinfected with cresol or lysol. The skin is incised from (he 
pubis to the neck and cut at right angles at the ends of th(i irudsion. Hut 
two flaps may be laid back by separation of the cutaneous from l.lut uiuhtr- 
lying muscular tissue with a scalpel. The condition of tlut sulxtutamtous 
tissue and of axillary and inguinal lymph glands may be noted. 'The p(tr- 
itoneal fluid may be cultured by searing a small area on tint Burfa<t(t of 
the abdomen with a hot spatula and puncturing with a syringe and lutedle 
or a Pasteur pipette into which the fluid may be aspirated. Hie abdomiiud 
cavity is opened with fresh instruments and the flaps are laid bac:k as 
above. The condition of the abdominal organs, such as spleen and liver, 
may be noted and cultures taken by first searing the surfac'.e and them 
either puncturing and aspirating fluid with a syringe and needle or a 
Pasteur pipette, or by removing a small piece of tissue and placing it in 
nutrient medium. Likewise, pieces of tissue may be removed and placed 
in fixing fluid for subsequent sectioning. Again with fresh instruments, 
the costal cartilages are cut to make a V-shaped incision and this flap is 
laid back over the head, exposing the thoracic cavity. Any gross pathology 
may be noted, cultures may be taken from heart’s blood and elsewhere if 
desirable, and pieces of tissue removed for fixation and sectioning. The 
animal is disposed of by incineration. 

It is obviously impossible to define postmortem procedure rigorously. 
The lymphatic system of guinea pigs dead of tuberculous infection will be 
of considerable interest. Those dying of diphtheritic toxemia or infection 
will show characteristic lesions of the adrenals. In some diseases the im- 
portant postmortem findings may be in the brain and spinal cord. The 
routine of examination will he determined, therefore, by the particular 
disease under consideration or, if this is not known, by the symptoms 
exhibited by the animal before death. 
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A nmnber of pr<ican lions must be observed in the autopsy of animals 
dead of iiifcx^lious disease. If cultures are to be taken, fresh sterile instru- 
ments must be used at each stage. Instruments once used should be re- 
turned to the boiling water sterilizer or placed in a tray containing lysol 
or, if to be used again, laid down on the edge of the tray with all sharp 
edges and points inward. Extreme care must be taken to avoid dissem- 
inating infectious material. With certain highly contagious diseases such 
as tularemia, rubber gloves may be desirable. Boiling water sterilization 
(live minutes) of used, instruments is sufficient except with the spore- 
forming organisms such as anthrax and tetanus, in which case the instru- 
ments should be allowed to stand in a solution of lysol or cresol. 

TJhie Microscopic Kxaminalion of Bacteria. — The microscopic ex- 
amination of bacteria is an essential portion of studies on these organisms, 
for only by this means may a number of important characteristics be 
ascertained. The organisms are observed both in tlie living state and when 
killed and fixed in the form of a film on a glass slide. 

Sormj bacteria, as a result of the possession of locomotive structures, 
exhibit motility, or the ability to move about independently (p. 42). 
Others, not having sindi appemdages, are not able to do so. For obser- 
vation of motility — which c^an, obviously, be seen only in living organ- 
isms““ the hanging drop preparation is used. When the organisms are 
growing in a fluid medium, a drop of culture is placed upon a clean, flamed 
cover-glass. A special slide having either a circular pit or a hollow-ground 
depression in the center is first lined with petrolatum on the surface around 
the edge of the depression, then inverted over the cover-glass in such a 
way that the droplet lies within the depression. The preparation is then 
turned over and examined under the microscope. The petrolatum serves the 
double purpose of preventing evaporation of the liquid and consequent 
development of con vec; lion currents within the droplet, and of an adhesive 
between cover-glass and slide. Bacteria grown on semisolid media may, of 
course, be suspended in a drop of physiologuiul salt solution (0.85 per 
cent NaCl in distilled water) or nutrient broth on the cover-glass. Exam- 
inations for motility arc best made on cultuies not older than twenty- 
four hours and preferably on those which have been incubated twelve 
to eighteen hours. Unstained bacteria are somewhat difficult to see be- 
cause of small differences between their refractive indices and that of 
the medium in which they arc suspended. The diaphragm should be 
closed to a small aperture, and it is best to focus on the edge of the 
droplet first. 

True motility must be differentiated from “brownian movement.” 
When observed suspended in a liquid medium, bacteria and other particles 
of similar magnitude dunce about rapidly, the agitation a result of con- 
tinuous bombardment by the xnolccules of the suspending liquid. True 
motility, however, results in a different kind of motion. While non-mo tile 
bacteria are iti a state of constant agitation, they remain within a cir- 
cumscribed volume, drifting only slowly from one part of the microscopic 
field to another. The motile organisms, on the other hand, very definitely 
go from one place to another, across the field and in and out of focus. They 

use Lib B’lore 
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often move with surprising rapidity, crossing the field of vision in one or 
two seconds. 

The processes of cellular division may also be observed microscopicuilly 
by means of the so-called “hanging block.” A small square of sterile 
nutrient agar is cut from a Petri dish containing the hardened medium 
and inoculated very lightly in the center. A cover-glass, sterilized by 
flaming, is placed on the inoculated surface and sealed by soaring th<^ 
edges of the agar with a hot needle, and the whole is sealed to a moist 
chamber with paraffin. The organisms ai‘e held in one position on t.ho 
surface of the solid medium, and the processes of cell division may be 
followed readily. 

Stained Bacteria.^^ — Bacteria in the unstained state are difficult to 
see. It was the development of staining techniques by Koch and ol.hers 
that made possible the ready observation of these organisms. The process 
is essentially one of dyeing the organisms with aniline dyes, tlie basi(^ 
dyes being the most useful. Those commonly used are, in order of merit, 
gentian violet, methylene blue and basic fuchsiii. Both gentian violet 
and fuchsin stain bacteria relatively rapidly, while methylene blue acts 
somewhat more slowly. The last is particularly useful, in the form of 
Loffier’s alkaline methylene blue, for staining bacteria in pTis, throat 
smears and similar materials. These stains are most conveniently kept in 
saturated alcoholic solution. The various staining solutions may be read- 
ily prepared from such stock solutions. The precise formulae for staining 
solutions of these and other dyes as well as those of special stains, some 
of which are described below, may be found elsewhere.^ ^ 

There has been some controversy over the nature of the staining proc- 
ess, as to whether it is the result of a physical or chemical affinity between 
the dye and the bacterial cell. More recent data suggest that it is an ad- 
sorption exchange process primarily chemical in nature.^® 

The slides used for the preparation of smears should be clean and free 
from all grease. A preliminary soap and water cleaning may be necessary, 
and the cleaned slides are stored in alcohol or xylol. Before use a slide is 
wiped with a clean soft linen cloth and passed through the bunsen burner 
flame two or three times. A drop of distilled water is placed upon the 
slide and a small amount of bacterial growth suspended in it. The two 
are thoroughly mixed, and the suspension is spread over a larger area of 
the slide and allowed to dry in air. Films may be prepared from broth 
cultures, but these usually contain considerable quantities of extraneous 
material. After drying, the film may be fixed by passing through the bun- 
sen burner flame two or three times. Films may also be fixed by immersion 
in absolute methyl alcohol, glacial acetic acid or other fixatives. The fixed 
film is covered with the staining solution, allowed to stand for fifteen to 
thirty seconds (a minute or more is desirable with methylene blue) and 

Further details may he found in Biological Stains. Prepared by the Commission on 
the Standardization of Biological Stains. H. J. Conn, Chairman. ‘3rd edition. Geneva, 
N. Y. 1940. 

M^ual of Methods for the Pure Culture Study of Bacteria. Society of American 
Bacteriologists. Geneva, N. Y. 1923 et $eq. Or any good laboratory manual. 

See the discussion by McGalla: Stain Technol., 1941, 16:27. 
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washed in clean water. The stained film may be partially dried by blotting 
and the di^ying completed in air. It may be examined under the oil im- 
mersion lens directly, the cedar oil being placed on the stained film. If a 
permanent mount is desired, the cedar oil may be removed by flooding 
the slide with xylol, drying and applying balsam and a cover-glass. 

The Gram Stain. — The procedure used in the preparation of a simple 
stain may be varied and elaborated lor special purposes. In some cases 
bacteria exhibit differences in their reaction to stains, differences which 
may be taken advantage of in the differentiation of certain species. One 
of these elaborated procedures is known as Gram's method and the re- 
sulting preparation as a gram stain. A variety of modifications of Gram's 
original method have been introduced, most of which have their adherents. 
In general, the procedure consists of staining a fixed film with crystal 
violet solution containing ammonium oxalate, washing this off with 
water and flooding with Lugol’s iodine solution. The iodine solution is 
washed off after a time and the film decolorized with alcohol, acetone, 
acetone and ether, or some other agent and count erstained with a dye of 
contrasting color, such as safranine 0 or Bismarck bx'own. By this means, 
bacteria may be divided into two groups: those which retain the original 
crystal violet in spite of the decolorization and appear dark purple on a 
background of the counterstain and are spoken of as gram- positive bacteria; 
and (hose which are decolorized and arc colored by the counterstain and 
arc called gram-negative. Certain bacteria are gram- variable, sometimes 
r(',(,aining the stain and sometimes not, but this group is not large enough 
to detract from the practical differential value of the stain. 

Both the crystal violet and the iodine are highly specific while the 
alcohol and the counterstain are not. Almost all other dyes, even methyl 
green which dilfers by only one methyl group from crystal violet, are 
unsuitable, either being retained or removed by alcohol whether or not 
(.he iodine is applied. A few other reagents, notably HgCh, may be sub- 
stitut(id for iodirK'., and stannous chloride, pyrogallol and freshly prepared 
solutions of hydroquinoiK' show some slight activity. 

A number of preeautions must be observed in staining bacteria by 
(iram’s method. The procedure is obviously an arbitrary one, and the 
ins(/nu‘.(ions regarding the times the various solutions are allowed to 
act must be followed explicitly. Gram-positive organisms may lose the 
crysl/al violet if dcjcolorized too vigorously, and vice versa. Young cultures, 
twenty-fonr to forty-eight hours old, should be used, for old cultures of 
grarn-px)sitive bacteria often contain many gram-negative cells. 

The Mechanism of the Gram Slain. — However arbitrary Gram’s method 
of staining may appear, the reaction is apparently assocnated with funda- 
mental differences between the gram-positive and gram-negative organ- 
isms. There is, for example, a pronounced correlation between it and 
resistance to the bacteriostatic action of certain dyes (p. 68) and anti- 
biotic substances (p. 132), and to the action of other chemical and physical 
agents. The nature of the gram reaction has, therefore, been of considerable 
interest and three general types of theories to explain the differential 
staining have been developed: 
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(1) The theory of differential membrane permeability was proposed by 
Benians,^® whose experimental evidence was consistent with the vi(;w (hat 
while the cell membrane of both gram-positive and gram-ncgalivt* ha(?.- 
teria is permeable to the crystal violet and iodine reagents, that, of lh(' 
former is not permeable to the alcohol-soluble dye-iodine eoinph‘x and 
hence the color is retained. 

(2) The colloidal chemical theory was advanced by Steam and S(<‘arn-^ 
who postulated a relationship between the isoelectric poinl. of t.lu^ tudl 
protoplasm and its affinity for basic dye on the basis of (lu^ negaliv(^ 
response of gram-positive bacteria at acid pH’s, and related evident^<‘; l h(‘ 
isoelectric point of gram-positive bacteria is at a lower pH than that, of 
the gram-negative bacteria and therefore the former have a strong{*r 
affinity for the basic dye. 

(3) A morphological theory was developed xnincipally by Churcdiman.*'^ 
His evidence strongly supported the view that the x>t'^d.ox)lasm of all 
bacteria is gram-negative and that the gram-positive forms are <5ov(‘r(Ki 
by a sheath or envelope of gram-positive material, i.e., the gram-posit iv(^ 
cell consists of a gram-negative '‘medulla” and a gram-x)ositive '‘c5orlt^\.” 

More recent work has substantiated this third hypotlu^sis. Henry and 
Stacy23 were able to remove an outer layer from gram-X)ositive baederia by 
treatment with bile to leave a gram-negative cell or “cytoskcleton.” Tlu^ 
bile extract, not in itself gram-positive, contained t)roteiu, x)olysa<Hdiari<le 
and the magnesium salt of ribonucleic acid. This material could he de- 
posited on the surface of the extracted cells to render them gram-posit iv(^ 
again, but could not be deposited on normally grarn-m^gative ba(‘,t,(u'ia. 
The ribonucleate appeared to be highly specific in that related compounds 
or other salts of ribonucleic acid could not be substituted for it. This 
work has been confirmed and extended by Bartholomew and Umbreit'^'* 
who converted gram-positive bacteria to gram-negative forms by diges- 
tion with ribonuclease and, further, were able to replace the bacterial 
ribonucleate with magnesium ribonucleate prepared from yeast. There 
was also evidence that the sulfhydryl groups of the protein were involved 
in some way in the gram reaction as a whole. 

The gram reaction, therefore, appears to depend on a surface striuU.urc 
of magnesium ribonucleate combined with protein which is present on 
gram-positive bacteria but lacking on gram-negative bacteria. This ex- 
planation is consistent also with the evidence brought forward by others 
but interpreted differently; for example, the reaction between the crystal 
violet and iodine reagents and the ribonucleate-protein complex does not 
occur at acid reactions, hence the, reversal of the gram-positive reaction 
by lowering pH. 

^oBenians: Jour. Path. Bact., 1912, 17:199; ibid., 1920, 2J:401. 

Steam and Steam: Jour. Bact., 1924, 9:463, 479- 

22 Churchman: Jour. Exp. Med., 1927, 46:1009; Jour. Bact., 1929, 1^?:413; also in 
Jordan and Falk: Newer Knowledge of Bacteriology and Immunology. University of 
Chicago Press. Chicago. 1928. 

23 Henry and Stacy: Nature, 1943, 151:671. 

24 Bartholomew and Umbreit: Jour. Bact., 1944, 46:567. This paper includes a critical 
review of the pertinent literature. 
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Acid^-fast and Spore Stains , — Both bacterial spores and a group of bac- 
teria known as the acid-fast organisms are relatively difficult to stain. 
The staining reaction may be accelerated by heat, and such structures 
and organisms will take a dye — fuchsin is commonly used — either when 
it is applied hot for one or two minutes or cold for a prolonged period 
(twenty-four houi-s). Conversely, the dye is equally difficult to remove, 
and both spores and acid-fast bacteria, once stained, are not decolorized 
readily by such various agents as acid alcohol (1 per cent hydrochloric 
acid) or dilute (1 to 2 pQr cent) hydrochloric or sulfuric acid — hence the term 
acid-fast. The demonstration of acid-fast bacteria, such as the tubercle 
bacillus, consisls, l.herefore, of staining with hot fuchsin containing car- 
bolic acid followed by decolorization with dilute acid and counterstaining 
with a contrasting dye such as methylene blue. This technique is known 
as thc^ Ziehl-Ncelsen carbol -fuchsin stain. A variety of similar methods has 
been (hweloped for staining bacterial spores, many of which include the use 
of a mordant such as chromic acad. In any case, the stained preparations 
show the bacilli or spores as cherry-red and the background, including 
other bacteria, in contrasting blue. 

The capsule surrounding some bacteria may be stained directly by 
gentian violet or demonstrated by the so-called relief stain. In the relief 
stain the organisms arc suspended in a drop of diluted (1 : 4) India ink 
and the mixture is spread across the slide with the edge of a second slide. 
The film should be uniformly spread and gray in color. After drying and 
fixation, the organisms may be stained with any of the tisual stains. Upon 
examination the stained bacteria will be foxmd to lie within lacunae in the 
film of ink, the capsule being delimited on the outside by the ink and on 
the inside by the stained bacterium. 

The demonstration of tenuous organisms such as some of the spiro- 
ch(it.(^s or the even more tenuous flagella, or organs of locomotion present 
on some bacteria, requires somewhat more elaborate procedures in which 
dye or silver is preciipitated on the organism. The flagella, or organisms 
in the case of the spirochetes, appear after staining to be considerably 
largcn* than they actually are in the living state and arc, therefore, readily 
seen. Many such methods have been proposed, the details of which may 
be found elsewhere. 

1110 general question of staining should not l)e left without mention 
of the so-call(id polychrome stains. These stains consist of more than one 
dye in the same solution. Pappenheim’s stain, for example, contains methyl 
green and pyronine and, when applied to ptis smears, stains bacteria bright 
red and the nuclei of leu<x)cytcs blue or purple. Wright’s stain, a combina- 
tion of the basic dye ixiethylene blue and eosin, an acid dye, is extremely 
useful for blood smears. Giemsa’s stain, containing other dyes, is useful 
in the staining of pus and exudates and is extensively employed in the 
stainitig of protozoan parasites such as trypanosomes. In general, the 
polychrome stains are most useful for staining smpars of pus, exudates of 
various kinds and other body fluids containing microorganisms. 

Stiidly of Bacteria in Pure Culture. — It will be apparent at this 
point that bacteria may be studied in a variety of ways. Only the comr 
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mon methods have been described here. Others, such as the innniuK)lof^u‘al 
methods, are discussed elsewhere. Cleariy, the chai'ac^terist iCwS of bac^tc^ria 
that are of significance in their identification must be studi(*d in some 
uniform fashion, not only with regard to the methods used bill also as lo 
the characteristics that shall be considered of first importaiuie. All hougli 
the classification of bacteria is in a somewhat dubious state, (his un(‘<‘r- 
tainty has resulted largely from a relatively hazy compreluaision of (he 
fundamental biological significance of some dillerential (diaractcaistiiNs 
and consequent doubt as to the proper relative weight to be assigniHl lo 
them in the arrangement of the finer subdivisions of taxonomic siihenu^s. 
The main lines of approach are, however, clear, and whatever their n‘la- 
tive biological significance may prove to be, the readily determinabh‘ 
characteristics of bacteria serve the practical purpose of distinguishing 
these microorganisms from one another. 

There are four general categories which, in the order of the limuu'ss 
of distinction, they make possible: (a) morphology, both gross and mi<u'o- 
scopic; (6) physiological capabilities in terms of biochemical reaedtons: (r) 
pathogenicity for experimental animals; (d) immunologic charact.m*. Ol’ 
these the third is, for the most part, a matter of th(i pathology of diseas<\s 
caused by bacteria and is necessarily discussed under the speinOc diseas(^ 
Immunological differentiation of otherwise closely related groups of hav- 
teria is likewise discussed elsewhere. 

The preliminary and basic study of a bacterium lies in the systematii* 
determination of its cultural characters. The most important of t.hes<^ are: 

(A) morphology 

1. gross morphology — that of colonies of the organism with respt^ct to Ujx- 

ture, color, -shape, etc. 

(а) on nutrient or infusion semisolid m(.*.(lia 

(б) on special media 

2. microscopic morphology, including 

(а) size, shape and grouping of the organisms 

(б) presence or absence of spores 

(c) motility 

(d) presence or absence of capsule 

(e) staining reactions 

(B) biochemical reactions 

1. the fermentation of sugars, usually dextrose, la<jtose and sucrose, although 

others may be included together with the hydrolysis of starch 

2. liquefaction of gelatin 

3. formation of indol 

4. reduction of nitrate to nitrite 

5. production of hydrogen sulfide 

6. special biochemical tests such as the Voges-Proskauer reaction, the methyl rt^l 

test, hemolysis on blood agar, etc. 

Such preliminary examination ordinarily affords a great deal of informa- 
tion about a given bacterial culture. The feasibility of additional study 
rests firmly on the foimdation laid down by the studies outlined above. 

Various attempts have been made to systematize the study of bacteria. 
One of the most successful of these has resulted from the efforts of a Com- 
mittee on Bacteriological Technique of the Society of American Bacteriol- 





























SUPPIEMENTARY DATA 



Name of organism Studied by Culture No. 


Source Habitat Date. 


Descriptions {Underscore required terms.) 

CELL MORPHOLOGY Medium: 

Vegetative cells: Age: 

Form and arrangement: streptococci, diplococci, micrococci, sarcinae, rods, 
commas, spirals, branched rods, filaments. 

Motility in broth: Flagella; 

Size: Irregular forms: 

Sporangia: none, rods, spindles, elliptical, clavaie. drumstick. Age; 

Endospores: 

Shape: spherical, ellipsoid, cylindrical. 

Position: central to excentric, terminal, subterminal. 

j • Sketches 

Temp. 6C. 

STAINING CHARACTERISTICS 

Gram: Age: Method; 

Special stains: 


AGAR STROKE Age: 

Amount of growth: scanty, moderate, abundant. 

Form; filiform, eckinulale, headed, spreading, rkizoid. 

Consistency; butyrous, viscid, membranous, brittle. 

Chromogenesis: ; fluorescent, iridescent, photogenic. 

Temp. ®C. 

AGAR COLONIES Age; 

Form; puncliform, circular, filamentous, rhizoid, irregular. 

Elevation: effuse, flat, raised, convex. 

Surface: smooth, contoured, radiate, concentric, rugose. 

Margin: entire, undulate, erase, filamentous, curled. 

Density: opaque, translucent. 

Temp. “C. 

NUTRIENT BROTH Age; 

Surface growth: none, ring, pellicle, flocculent, membranous. 

Subsurface growth: none, turbid, granular. 

Amoimt of growth: scanty, moderate, abundant. \ 

Sediment: none, granular, flocculent, viscid, flaky. j 

Temp. ®C. 

GELATIN STAB Age: 

Liquefaction: none, crateriform, infundibuliform, napiform, saccate, stratiform. 
Rate: slow, moderate, rapid. 

Temp. 

OTHER MEDIA Age: 

Temp. 


FERMENTATION Temp. "C. 

Medium: 

Carbohydrate: % 

Indicator: 

o 

§ 

3 

§ 

1 



Acid in days 






Acid in days 






Gas in days 






Gas in days 







ACTION ON MILK Temp. 


Indicator: 

1 Da)rs 1 







Reaction 







Acid curd 







Rennet curd 







Peptonization 







Reduction (before 
coagulation) 









ACTION ON NITRATES INDOLE PRODUCTION 

Medium; Temp. °C. Medium: 

Nitrite: d. ; d. ; d. Method: 

Gas (N): d. ; d. ; d. Indole: present, absent. 

HYDROGEN SULFIDE PRODUCTION 

Medium: Age: 

HaS: present, absent. Temp. °C 


Aerobic growth: absent, present, better than anaerobic growth, poorer 
than anaerobic growth. 

Anaerobic growth: present, absent. 

ADDITIONAL TESTS 


Growth m refrigerator ( °C.) : present, absent. 

Growth at room temperature ( “C.): present, absent. 

Growth at 37° C. : present, absent. 

Growth at 50° C. : present, absent. 


RELATION TO FREE OXYGEN 

Medium: Age: 

Method: Temp. 


Age: 

Temp. 



35 


Study of Bacteria in Pure Culture 

ogists, under whose auspices a Manual of Pure Culture Study has been 
published and is supplemented by leaflets from time to time. Through 
this agency standard methods and descriptive terminology are made 
available. Fui’thermore, the same committee has prepared a standard 
descriptive chart for the recording of data, and from time to time the 
chart is revised. 
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Those organisms which separate completely alter cell division and app(‘ar 
singly and scattered at random over the microscopic. li(‘ld ar(^ designa{<*d 
as micrococci. In some species, however, there is a tendeiu'.y for the indi- 
vidual cells to remain in pairs, and one may observe siu^h pairs inter- 
mingled with individual cells. These organisms are call(‘(i dlplococci. Wlnai 
this pairing tendency is marked as, for example, in the gonococnais, lh(‘ 
individual cells may not be perfectly spherical but (exhibit a (‘olfee b(‘an 
shape with the concave sides facing each other. Often cocuais forms t(‘nd 
to remain together in sheets or irregular clusters resembling bijncii(\s of 
grapes. Those which assume this grouping arc termed staphylococci. Divi- 
sion in two or three planes is, of course, necessary to the format ion of sindi 
groups. Other coccus forms divide in only oiie plane but, tend to rcatiain 
together, the result being a chain of cocci. Organisms forming sucdi chains 
are called streptococci. Still other cocci divide in three planes and rcunain 
together to form cubical packets of eight cells. These organisms ar(‘ t he 



Fig. 4. — Morphologic types of bacteria. /I, inicnjanuHis; />\ (tiplo(^(>e<uis; O’, stafjhylo- 
coccus; Z), streptococcus; F, sarcina; F, coccobacilli: and //, <x)nniiou!Y o(*eurriiig rod 
forms; /, fusiform bacilli; curved rods or vibrios; /v and P, sf)iral forms. 

sarcinae. Not all the cells in a given microscopic li(^l(I will app(‘ar in (‘har- 
acteristic groups. Many organisms may be found singly, pr(‘siu»jably 
those which have broken away from the parent group, (diain formation 
by streptococci is influenced by the medium upon whi<‘b the organisms 
have been grown. The acid-producing streptococci of milk, for (example, 
show long chains in milk culture but when grown in nutrient broth may 
show only a few short chains. Tn smears of pus or similar mat(u-ial, liow- 
ever, the coccus forms are usually found in their chara(5t(U’isti{‘, groupings. 
Of the coccus forms having definite grouping, the staphylocMHua ar<‘ t.h<‘ 
most consistently characteristic under the microscope. 

Bacillus. — The morphology of individual rod-shaped ba<‘4-(u ia dillers 
considerably from species to species. Not only is l,hcr(^ variation in size 
but the shape of the individual cells differs. Some bacilli have sides mor«‘ 
or less parallel with one another but rounded ends. Others have <piit<‘ 
square ends which appear lo have been cut off sharply. Still otlnu's as- 
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The Spiral Forms 

sume a highly elongated but oval shape. These last, when short and thick, 
are often called coccohacllli. A given shape is relatively constant within 
a species although the length-width ratio may vary considerably. The 
groupings which the cells may assume are a result of post-fission move- 
ments, for the plane of division varies rarely if at all. The tendency to 
lemain attached, end to end, resulting in the formation of a chain of 
slreptohacilli, is more or less constant for some species but is observed 
only occasionally in many species. Other groupings of these cells result 
from I, he movements of the bacilli after division is complete. Some tend 
to slide together side by side, a movement known as slipping, which re- 
sults in the formation of palisade-like groups of cells. Still others, in a 
movement known as snapping, bend sharply at the point of division to 
an acute angle and present a V-shaped appearance. When this type of 
movement is associated with a tendency for the bacilli to remain attached 



5. — l^^lcicJron inic.rof^raphs of bac^toria. Loft, the tubercle bacillufi, X 26000; 
l,ti(i granular sIriKJturc! of the C(!U. Highf, Micrococcus Jlavus, X 16000; note the 
hoiuog(ai(iil of llu\sc! (u^lts and the lack of (ividcaice of internal structure (von Borries). 

end 1,0 end, tdiuins of organisms resembling a split rail fence may result. 
Hindi snapping often results in breakage of a chain of organisms, the parts 
of which continue to grow in the new direction. The groupings assumed 
by baidlli arc, fiowever, nol as characteristic as those of the cocci. 

The Spiral Forms- — The third principal type of bacterial form com- 
monly observed is that of the spiral or screw-shaped forms. There are a 
v^ariely of these which may be distinguished morphologically, but at the 
morru^nt only three main subtypes may be considered. The first of these 
is th(i vibrio or curved rod. Smears of such organisms often show chains 
whicdi, siru‘-e the organisms curve in alternate directions, suggest a spiral 
organism. It is not dilhcult, however, to distinguish between such chains 
and the truly spiral organisms. A spiral organism which is rigid, or rela- 
tividy so, is called a spirillum, while similar organisms which are flexible 
ar(‘ l(?rmed sf)irorhefes. Further distinctions, such as the presence or ab- 
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sence of an undulating' nieinbran<^ elo., whi(‘h ari; ina(l(‘ us(^ ol in (ortnal 
taxonomic schemes, need not concern us here (s('e p. 1()2). 

Involution Forms. — Mthoupjh the vast rnajorily of l)acl(‘ria (‘xliihil 
a marked constaiicy of form diiriti^^ (lie (‘arly slave's of llu^ ^j^rowdi of a 
culture, in older cultures aberrant forms such as over-sizcMl (tocc.i, Y~shap(Ml 
bacillary forms and forms apparently containinj^' (;<)nsid(‘rabk‘ (juanli(i(‘s 
of granular material may be found. These arc* g(‘n(‘rally i‘<‘gard(Ml as in- 
volution or degenerative forms wliicli are dead or* dying a.nd r*(‘pr*(‘S(‘nt vai y- 
ing stages in the dissolution of the cell strucd iire. Somc^ workc'rs, b<)vv(*v<*r*, 
attach significance to such forms and consider tlunn as indicative* of (In* 
existence of complex life cycles. Such iri*egular bizarre^ forms may oflc'ii 
be produced at will by cultivation of baederia un(h‘r sonu'vvhal, advc'isc* 
conditions of temperature, salt conc.enti*a(.iot! and tlu^ like*. Morphological 
variations and their implications are discussed a(. gie'al.e*!* leniglh e*lsenv he*r*e‘ 
(Chap. 6). 

The Structure of Bacterial Cells."’ — The struedure^ of baede'rial e*e*lls, 
particularly their finer structure, has been of conside*i*able intere*st sine-e* 
these organisms were first studied. They ai*e so small, bovvewe'r, (dial (he* 
limitations imposed by the optical system employed bec.ome of e‘.onsid- 
erable importance. 

The Compound Microscope. — With the oi*dinai*y mi(a*osc.o[)e^ ol)je*e‘ts ar*e‘ 
viewed by transmitted light and therefore must be su flic*, iem 1,1 y lai’gc* to 
cast a shadow. This size is approximately half the wavc^ lengdh of Idu^ liglil 
used. The highest numerical aperture that is prac*ti(^al in tin*, <>bj(*<div(‘ is 
1.4. Such a lens, when used with monochromatic lighi, vvil h a wavi* l(‘ngl b 
of 5460 A or 546 mg, will resolve a particle having a dianud.cM* of 0.2 g. ( )b- 
jects somewhat smaller than this may be seen in (dial, tluiy arc^ visibb^ 
but are not resolved and neither size nor shape can be detc^rmiiuHi. Since 
many bacteria are no wider than 0.2 to 0.5 g the hop(^ of obs(n*ving intra- 
cellular structures is a faint one. Some workers, Barnard'* in particular, 
have attempted to extend the limits of resolution througli (hc^ us<^ of ult i a- 
violet light and ciuartz lenses coupled with ''seeing” by nu'ans of a {>holo- 
graphic plate, but such efforts have not added greatly to knowl(*(lg(^ 

The Darkfield or Ultrarnicroscope. — In the instrument known as tin* 
darkfield {dunkenfeld) or ultrarnicroscope, reflected ratlHu* than trans- 
mitted light is used, objects appealing brilliantly lighted againsl. a black 
background. The usual microscope may be used as a darkfiedd by atd acihing 
a darkfield condenser in place of the Abbe substage cond(*.ns(^r. Tln^ prin- 
ciple is the Tyndall effect, perhaps most commonly obsiirviul in tin*, ap- 
pearance of particles of dust in a shaft of sunlight in a dark(med room. 
The limit of resolution is not increased, however, and while (^x(^(H‘dingly 
small objects are visible, they appear only as brilliant points of light, 
use of this type of microscope has not contributed mahn ially to knowhMlgt^ 
of the structure of the bacterial cell except with regard to ( 4 u 3 mode of 
action of flagella. It is, however, very generally used for the deUndion 

^The cytology of bacterial cells is discussed at length by Lewis: Bact. Lev., P) tl, 
5:181; and by Knaysi: Elements of Bacterial Cytology. Comstock. Ithaca. 1911. 

® Barnard; Lancet, 1925, ii:117. 
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and observation ol very slender microorganisms, especially spirochetes as 
in exudate from a syphilitic chancre or leptospira in the blood from cases 
of leptospirosis. 

The Electron Microscope . — The recently developed instrument known as 
the electron microscope operates on a different principle from the optical 
microscopes in that a stieam of electrons is used rather than a beam of 
light. The electron stream is focused by means of magnetic “lenses,” and 
the interposed object intercepts the stream to cast a “shadow” which is 
recorded on a photographic plate to give an electron micrograph.^ Re- 
markable resolution is possible because of the minute size of the electron 
and sharp photographs may be obtained at magnifications of 30,000 diam- 
eters or more. Its application is somewhat limited in that the object must 
be prepared as a dry film on collodion and observed in a high vacuum; in 
consequence, living organisms cannot be studied. Application of the elec- 
tron microscope to V)iological problems is still in its infancy and as yet 
has given only ver y limited new information. For example, nuclei, chro- 
mosomc^s, genes, (^tc. have not yet been demonstrated in the bacterial cell. 
See Fig. 5 and those in Chapter 38. 

Cku’tain structuies of bacterial cells arc, however, of sufficient mag- 
nitude (,o be seini and sl-udied with the optical microscope. The most 
ol)vious of these are struc'.turcs external to the cell — capsules and flagella. 

(Aipsiilcs.— lVlany bacteria, perhaps all, are provided with a capsule, 
wliicli appai’ently original, es from the outer layer of the cell membrane; 
in stained pr(q)ara(,ions it can sometimes be seen surrounding the cell 
likc^ a halo. The (capsules of hatderia are often one or two times as thick 
as tln^ diam<‘t(n‘ of l,h<^ (‘,(^11 itself and may appear' to extend continuously 
ov(n' a c;liain of organisms or compleU^ly surround paired oi'ganisms such 
as di[)lo(;o(;(n. Cnltur(\s of (^apsulated l)a(!teria ar*e usually slimy and the 
growth is sticky and vis(‘,ous. Th(i capsular material is generally poly- 
sa(u^hai'id(^ in nature, (hough some bacterial slimes may (contain mucin- 
lik(^ pi'otians. Some of l.liese foi'ins may he a source of considerable an- 
noyanc(‘ in lh(^ sugar r(i(ining industri(^s. The pi'esence of a capsule is also 
asso(‘-ia!,(Hl with (he viruleiuici of a variety of pathogenic bacteria. Pneu- 
moco(HM, for- (^xarnpk^ whicli have no capsule are relatively avirulent but 
wluai (^apsulated are highly virulent. Anthrax bacilli are almost always 
found to b(^ (^a[)sula(,(Hl whtm observed in pr*cpar'ations made from animal 
tissiK^s. Th(^ c;a[)snlc appears to function as a bacterial defense against 
th(^ a(‘,tivil,y of phagoc-ytic (udls of the body. The sheaths of some of the 
filaimml.ous bacter-ia may possibly be a capsule in somewhat different 
form. Th(^ color l(\ss sulfur bac'teria whic'h derive their enei'gy through the 
oxidation of hydrogen sulfide to (dcmcntar*y sulfur deposit sulfur granules 
in th(dr slKUiths. Likewise the ir-on bacteria which oxidize iron from the 
ferr*ous to f<u‘ri(‘, state, d(q)osit ferric hydroxide in the sheaths surround- 
ing l,h<an. 

Flagella.- Alany kinds of bacteria are observed to be motile under 
the conditions in whicdi ba(‘-ter'ia ar*e usually studied. Some of those forms 

7 'riK-! priecipltvs and construction of the electron microscope are reviewed by Zworykin: 
Sci(ujce, 1940, .92:51. 
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in which molioii has ncYcr been observed may possibly poss(\ss (b(‘ po\v<‘r 
of Jocomotion under certain unusual conditions. I nd<‘p(‘nd(‘nl, l)acf(‘rial 
motion is a true inovernent ot translation, and is to be dis( inj;-uisli(‘d from 
the oscillating or quivering movement (brownian rnovenuail) (‘xhil>it(‘d by 
all very minute particles suspended in water ov otlun- llui<ls. Many bacl<*ria 
are found to be motile when they are examined afhn- lunnoval from (^(‘i lain 
culture media, but non-motile if they have been grown on ol lnn- subs(ane<‘s. 
The colon bacillus, for example, is motile when pick(^d from young (uilonies 
on gelatin or agar but is frequently noii-inotile when taluni from brolh. 
The rate at which a bacterium moves has be(‘n approximal<‘ly m('asiir(‘d. 
The typhoid hacillus may travel a distaiKu‘ of i nun., or* alxnit 2000 (im(\s 
its own length, in one hour; the cholera vil)rio may attain a sjxM'd of 
18 cm. per hour Ibr shoi'f. distances. 

This power of locomotion depends upon the possc^ssion of flag(‘lla, long, 
fragile, filamentous, coiltid appendages. The origin of llag(‘lla lias Ixxni a 
matter of some interest.^ It is generally assumed I ha I, tlu^y ar(‘ (cxtiuisions 
of the cell wall hut Knaysi'^ believes, on the basis of eleclron microgr'af)h 




Fig. 6. — Position of llagolla on the bacterial (Mill. .4, rrion()I,ri(4i(>ns; />‘, ainpiiitric^ious; 

C, loj)hotri<;hons; JJ, p(^ritri(4i(>us. 

evidence, that their origin is the cytoplasm of the cell proper, dll<^s(^ by 
virtue of their power of contractility, drive I he bac.tcn ium (hrough tiic 
suspending medium. Flagella have been seen in the living, unstaimxl c(‘ll 
(large spirilla) by some observers, but ordinarily speciial staining melhods 
must be applied to reveal their presence. The x>ropelliTig a(;(,ion is du(‘, nol 
to a lashing as once thought, but rather to a rhythmic <x)nf,ra(4-ion whi<di 
moves helicoidally over the surface, the action being lhat of a. screw ratlnn* 
than an oar.^® According to Pijper^^ direction of movcvmtnit is (Hnitrolhxl 
by changes in the angle which the flagella make wi(,h tlu' (udl body, act ing 
as a rudder. 

Bacteria differ from one another with respect to the position of tfni 
flagella on the cell body. The monoU ichous organisms have only a singh* 
flagellum at one end; the amphitr ichous bacteria have citlun* a singh^ (lag- 

® Cf. tbe review by Knaysi: Bot. Rev., 1938, 4:86, 99. 

^ Knaysi: Science, 1942, 95:406. 

Reichert: Centralbl. f. Bakt., Abt. I, Grig., 1909, 5/: 14; Nciuriarm: ihid,^ Ab(. I, 
Grig., 1928, f 99:143. 

Pijper: Jour. Path. Bact., 1938, 47:1. 
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eiium or a tuft of flagella at each end; the lophoirichous bacteria ha^e a 
tuft of flagella at one end; and the periirichous have flagella projecting 
from the whole body of the cell, the sides as well as the ends. Recent evi- 
dence has suggested that the occurrence of peritrichous flagellation is open 
to question. Pijper^^ has reported that such typically peritrichous forms 
such as the typhoid bacillus and Proteus vulgaris move by means of a 
long ‘‘tail” consisting of two flagella twisted together which are attached 
to the cell near the middle. According to Pietschmann’^ peritrichous flag- 
ellation is an illusion due to the appearance of subpolar flagella on chains 
of cells. Bacteria having no flagella ai’e termed alrichous. 

The number of flagella on the peritrichous bacteria varies considerably 
and even closely allied species may differ from one another in this respect. 
The typhoid bacillus, for example, has, as a rule, more flagella (ten to 



7 ^ — I^agclla of bacteria. Single polar flagella of a monotricihous bacterium 
{Vibrio cholerae) on the left, and peritrichous flagella {Salmonella typlii-rnuriiini) on the 
right; X 2000 (Krai). 


twelve) than the colon bacillus (two to six). The majority of actively 
motile bacteria belong either to the bacilli or spirilla; very few cocci are 
motile under ordinary conditions. Within a given bacterial species differ- 
ent degrees of motility may be found. Some strains within a species may 
consist practically entirely of motile cells, while other strains may show 
no motility in hanging drop preparations nor may flagella be found in 
stained smears. Further, the motility of some strains is aflected by the 
temperature of incubation while that of others is not; some strains may 
be motile when grown at 22^^ C. but not when grown at 37° C. Motility, 
therefore, is not a character that can be used for exact delimitation of 
species or varieties of bacteria. Standard cultural characters and bio- 
chemical reactions do not appear to be correlated with the presence or 
absence of motility. 

Spores. — Some of the bacilli possess the ability to form resistant struc- 
tures known as spores. Such spores, spherical or oval in shape, show a 
Piets(timaTin: Arch. f. Mikrobiol., 1939, 



44 Growth and Chemical Composition of HacUria 

relatively higli resistance to all sorts of injurious inllu(‘nc(‘s, inclu<iin^ hi^ii 
temperatures, germicidal cliemicals, el-c. b urllu‘i'moi(‘, llu^y slain with 
great difficulty. Usually heat in combination willi a mordani is lUMH^ssary 
to drive the dye into them. 

An assembling or concentral.ion of iiiichuir material (/.c., material slain- 
ing deeply with basic dyes) precedes spore formation in soin<‘ <‘as(^s an<i 
constitutes the spore prinionlium. liighly i <dra(‘( iv (‘haract(*r ol lh<‘ 

unstained spore and its reduced water contiait probably arc comi(‘clt‘d 
with the concentrated charaia.er of l.lu‘ spor(‘ siibstaiuu'. Such sport's ina\ 
be formed in any part of the ctdl, Iho fiosilion gt'ut'rally bt'ing rt'lalivt'lN 
constant within a spec'ies. Tht^ spore is spokt'n of as frrniindl il‘ fornu'd at 
one end of (he cell, ceniral if fornu^d in Iht' cenlt'r of tlu' ct'll. and suhlrrniimil 



Fig. 8. — Spore forma lion by haetta-ia. iht^ arilbrax bacillus which torins <’(‘nlral 

spores which do not disttaid l,ht; wall of the. v<^gel,al,i \ <1 <h* 11; lh<* l.taidciic.v of i hc' bacilli t.o 
occur in chains is also charactcirislit;. C-(uil,(;r, (Uoslrldiiirn botulinuni l.ypr: If which shows 
the typical clostridial form with I, terminal spore of greatt'r diamtd.ta* than the v(‘gctati\<' 
cell; note the free aporc^s sc^paratcid from clisinU^gru led vc; (H'IIs. Right., ( Uosfrit/iiirn 

sporogenes, showing a subt.erminal clostridial si)ore. Fh(\sc pn'panU.ions an*, all stained 
with a single stain in the usual way; the vcg('il,at,iv<^ <u‘lls take up th(^ dy<* but. the spores 
remain unstained. Fuchsin; X lO.'SO, 


if formed half way hctweeri the center and tlie end of l,h(‘ vi'gid.ati vi; <’(‘ll 
In some cases the spore docs not exceed the dianu'ter of th(^ pan‘nt 
as in the anthrax bacillus: in others where its diameter* is gri'att'r than that 
of the vegetative cell it causes a bulging out of tlui wtdl of tli(‘ cidl at tin* 
point where it lies. If such spores are terminal, a drnrn-slick appi'aranci' 
may result, as in the tetanus bacillus; or if it is ccaitral, the V('g(dali\ <* 
cell becomes spindle-shaped. In simple stains the spori^ appi'ars as an un- 
stained round or oval body lying within the stairUHl (irol.oplasin of th(^ 
vegetative cell. When the spore is fully developi'd, th(‘. vc^getatisa* c(‘ll 
disintegrates and disappears. 

The conditions under which bacteria form spores vary wil.h the' nature 
of the organism. The anthrax bacillus, an aerobe, forms spores only wlnai 
in contact with free oxygen, a fact that has practical Ixiuring on lh(^ dis- 
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posal of bodies of cattle dead of the disease. The tetanus bacillus, on the 
other hand, and the anaerobes in general, form spores in the entire absence 
of' oxygen. A suitable temperature is essential to the formation of spores. 
The anthrax bacillus forms spores most abundantly at 30° C. to 32° C. 
and will not produce them at a temperature of 12° C. Lack of food is ap- 
parently not an adequate stimulus to spore formation. In all cases a period 
of uninterrupted vegetative multiplication precedes the appearance of 
spores, and the conditions necessai-y for their production seem to arrive 
simultaneously for most of the cells in a culture. In some cases the cause 
of spore formation is thought to be an accumulation of metabolic products 
in the culture. These may be acids or other injurious compounds. Accord- 
ing to Daranyi^^ diminution in the water content of the bacterial cell, 
leading to a shrinking of the colloids, is the main factor in bringing about 
spore formation. Friedman and Idenry^^ have found that the percentage 
of hound water is relatively high in spores as compared with vegetative 
cells, and suggest that this is associated with their heat resistance. In any 
case, spores arc not formed under adverse conditions, as it might be thought, 
but in circumstances favorable to growtli. 

When spores arc brought under conditions favorable for growth they 
grnnlnale and become vegetative cells whi(‘h multiply in the usual manner. 
As it undergoes germinal, ion the spore shows a change in its refractive 
proper ties, probably due to the imbibatiou of water. The entire spore 
wall may become thin and str(q,(di and the spor-e assume a bacillary form, 
or a vegetative cell may burst thi’ough the spore membr’ane, the empty 
case b(‘ing (;ast olf as a hull. ''Fhe anthrnx bacillus grows out of one side 
of the spoi'c wall; the (^los(‘ly rr^latcHl hay bacillus gr'ows out of opposite 
si(l(\s simultan(M)nsly. Olhru* forans of bacteria exhibit intermediate methods 
of germination. Also, irrcgularitir^s may occur in the development of si)or(is 
of the sann; s[)(u*i(‘s. 

Spoi‘(^ formation is not very c.ornmon among bacteria. It has been defi- 
nit(iy obs(U'V(Mi only in tlu^ r’od forins; cocci are not known to spor'ulate, 
and spornlating s[)ii*illa, if tluiy exist, are rare. The majority of the obligate 
anaerobes [)r’o(luco spores, us do some of the aerobic bacilli. The sporc- 
foraning bacteria of known pathogenicity for man are few, a fortunate 
<ir‘(uimstanc,(^ that rnalerially facilitates and simplifres disinfection and the 
trrartrmmt of infeciious disease. Physiologically, the spore is usually con- 
sider'cd as a rosting stag<% serving to tide the species over iinfavor-able 
pru'iods. Fr'om this point of view, the spor*e stage is analogous to the periods 
of hibernal, ion or estivation among higher forms of life and the living 
rrrattcu’ of the spore may remain dormant for years or even decades. Spore 
for-rnation is rrot a form of multiplication, for cacii vegetative cell forms 
only a single spore and each spor*e germinates into a single vegetative cell. 
Obviously no irKTcase in numbers is possible by this process. 

Finer Struclure of llie Bacterial Cell, — Knowledge of the in- 
ti’acellular structures of bacteria is strictly limited, as pointed out above, 
by limits in the resolving powers of the microscope. Three questions have 

^'5 Darnnyi: Cmtralbl f. Bakl.., 1927, Abt. II, 71:353. 

Friedman and Itcnry: Jour. Bact., i938, 36 : 99 . 
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been of inLeresl, namely: Ihe cxislence and nalinv of (h(‘ <m‘II nu^mbraiu'; 
the nature of the cell siibslaii(-c or iMiloplasm; an<l, finailv, (he (jn(‘stioii 
of the existence of a nucleus. In si>itc of many (‘an‘ful iiiM'sl iiialions h> 
able workers, none of these has l)e<‘n sal is(acloril> thieidaf e<l, (hoti^di 
partial answers are possible lor all ( hrt^e. 

The cell membrane of bai'teria is not (hatmnsl rable as a stnuiuralK 
differentiated envelope, as that of many plan! e(‘lls is, by immersion of 
the cells in hypertonic solutions. I be int(‘rla(‘<' or boundmyv bel\\(‘en a 
bacterial cell and its environ rmmt is, of e.oin-s(\ shar}>l> (h^lined, l)ul (here 
is no such differentiation between (he enl.oi)lasm and (In' onl(‘r wall. 1 he 
cell membrane is peihaps best rej;ai‘(h‘.d as a soin<‘vviial lhiek(‘n<‘d and 
differentiated outer portion of the (a‘ll subslan(‘(‘ iuid {)ossii>Iy (h‘S(M \ ('s 
the name ectoplasm rather than c<^.ll numtbraiu'. It would a()pear, how<‘\nr, 
to have considerable rigidity, partitudarly among lh(‘ bacilli, in order (o 






Fig. 9. — Irregular and bipolar staining of the plagiu* bacillus. Note. tl\t‘ heavil> stainetl 
areas and melachromatio granules. Fixed in methyl alcohol and slaincd wllli m(*{b\l(*nc 
blue; X 2400. 


maintain shapes other than spherical. Experiments on llu^ growth of tb(‘ 
colon bacillus in media in which the surface temsion had Ixmui r<'du(*(‘d by 
the addition of sodium oleale resulted in I, he production of long, filamen- 
tous forms, much longer than the usual rods. Such (‘xp(‘riiru‘n(,s hav(‘ hven 
interpreted as indicating that this organism is esscuilially lubular, the 
sides having sufficient rigidity to withstand the r(‘duc(Hl surface' (('usion 
but the length increasing because of a less rigid strmdiin^ al. (In' {‘uds. 
Electron micrograph studies by Mudd and his associate's*^’ have' imli<‘at( d 
that the bacterial cell wall is a definite morphological vStrucliire^ from 
which the cytoplasm may shrink away, and whiedi is snfTieue'nlly solid lo 
show jagged lines of fracture when broken by sonic, vibration. Idu'; pn‘cis<‘ 
nature of the bacterial cell membrane is of particular interest in c,onn(‘(‘l ion 
with the problems of permeability. 

Mudd et al: Jour. Bact. 1941, 4^:415; ibid., 1941, //?:2r>l. 
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The nature of the cell substance is not well known. It is, of course, 
protoplasm, as the ancillary evidence of chemical composition indicates. 
The cells of actively growing cultures appear to be homogeneous both in 
the unstained state and when stained by various dyes. As the culture 
becomes older, however, the cells of many organisms may be found to 
contain granular material which is somewhat more refractive than the 
surrounding protoplasm in the unstained state, and which takes up certain 
dyes with greater avidity than the remainder of the cell. These granules 
are called metachromalic granules or, after the workers who lirst described 
them, Babes-Ernst granules. They are sometimes scattered through the 
cell substance, and sometimes massed at either end, where they constitute 
the “polar granules” observed in the plague bacillus, the glanders bacillus 
and certain other bacteria. In certain species the metachromatic granules 
are particularly easy to demonstrate, and their abundance may even 



10. — Me la chroma tic granules and bipolar staining in the diphtlniria bacillus. 
Note the dillerences b(^tween these organisms and the plague bacilli. M<Oliylene blue; 
X 1975. 

constitute a character of some dinerential value. The nature of these 
granules has been the subject of microchemical investigations, but the 
results are somewhat vague. Some are lipoid in nature and others consist 
of polysaccharide material which gives a color with iodine reagents and 
has been designated gran.ulose. The greater pr'oportion of these granules, 
however, appear to consist of nucleoproUiin and take up the nuclear stains 
with great avidity. This nucleoprotein has been termed volutin, and gran- 
ules of this and other material are generally spoken of as “reserve material” 
— a term which, because of its implications, could hardly have been less 
wisely chosen. 

The apparent lack of a discrete nucleus in the cells of the true bacteria 
has been a source of much speculation. Granular materials such as volutin 
and metachromatic granules which are characterized by staining deeply 
with basic dyes are sometimes referred to as “nucleoids” but apparently 
have no nuclear function. The seeming homogeneity of the cell substance. 
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both in the stained and unstained s(-a(.cs, has IxMni inl(‘i‘j)r(‘l(Kl by sonn^ f<» 
indicate that these cells consisi, entirely of cytoplasm and }ia\(^ rm niidiais, 
and by others to mean that iJiose (h^IIs are all nucleus and hav(‘ no c> lo- 
plasm. Little can be said in defense of either of l,h(‘S(‘ iidni pndal ions, and 
the fact that no other cells are known to e\isl without (‘itlan- (*> loplasin 
or nucleus renders tliem belli untenable, A third possil)ilily i<‘mains, 
namely, that a discrete nucleus is conlaiiuul wilhin lhes(‘ c(‘lls but it has 
not been demonstrated by any techniciuc as y(‘t (‘m()l<)y(‘d. li(\ai«iu^' the 
question in this manner is, of course, entiri'ly unsalislacloiy . A lourtli 
possibility, and one that is ^^enerally conc.eded to Ix' l h(‘ most acc(‘ptahh*, 
is that the bacterial cell contains luudear niat(‘rial but that this matcaial 
is scattered throughout the cel! instead of taking IIk^ form of a discr{‘f<‘ 
nucleus. Two lines of evidence support this (lu'ory: on(‘, th(‘ detection b\ 
analytical means of not inconsiderable (iuanl,ili<‘s of tunb'ie acids and 
nucleoprotein, substances known to int.imatidy aSvSocial(‘d with the <lis“ 
crete nuclei of other cells; and, second, the unifoi-m staining ol‘ t In* l>aeler ial 
cell with dyes known to have a marked ahinity foi* nucha, and tin* diirus(‘ 
staining of the protoplasm by the Fuelgen rcagind,, a r<‘ag(Mit tliat gi\(‘s 
a pink color with nuclear material and is said to Ix' sp<‘ci(ic for tli(‘ pot (no 
tial aldehyde groups of chromatin.^*’ It may b<^ said, IlnnN^fotn*, that al- 
though they do not have morphologit'.ally discn'cdc^ nncl<‘i, hdclrrial ('t‘Us 
contain the chemical equivalent of a niicleas. 

Colonial Morphology. — A single bacdcM'ial <x‘ll or gr-oup of c(‘lls, wlum 
planted on a semisolid medium and allow(ai to d(‘V('lo{> nnd<‘r suilabh* 
conditions of moisture, temperature and air supply, will, in a lew liours 
or days, develop a “colony” so lai-ge l.hal, it, (‘.an plaiidy stx'n with the 
naked eye. In many instances such masses of (u^lls, |)arl ieularly wlxm tin* 
growth occurs on certain culture media, poss(‘ss sali{‘nl pixudiarit i(‘s wlTudi 
are characteristic of the species. Growlhs Uf)<)n md,i-i(‘nt g(‘lalin ar(‘ espe- 
cially characteristic, but upon nui.ricnt agar (tii^ luorphoiogy of” bacterial 
colonies is less distinctive. Colonies on })otat() aiul oIIkm* solid hxxl sub- 
stances are, as a rule, still less charaetin-istie. As was fx)iul(‘d out pixw i- 
ously, colonial differences may often be acxteiit uat (xl hy growth on nuxlia 
containing dyes and other compounds. Diphtheria bacilli, for <‘\ampi(‘, 
form highly characteristic colonics on media (X)ntaining potassium t(‘llnril(‘. 
The character of colonies is also somewlial, alhxdxxl l)y/ tlx‘ (hmsity and 
viscosity of the culture medium and by the physical eoixlitions mxhn' 
which the organisms develop. In general, however, iJx^ (X)lony chara<d(‘r- 
istics of a bacterial species are distinctive and are an aid in th(‘ isolation 
and identification of the organism. These charactcrisl i(‘s iiuliuh' th(‘ siz<‘ 
of the colony, its form — ^whether raised, flat, etc,- -and tlx^ sluqx' of its 
edges; its consistency and textui'e; its surface — whetlxx’ i-ouglxnuxi or 
smooth; its color; and other similar peculiarities. 

These colony characteristics in many cases have their ixx)t,s in t Ix^ mor- 
phology of the individual cells. The movements of cells afUx* lission an<l 
the arrangements that result determine, to a considerable ext, (ml., liu^ 
texture of a colony and the shape of its edges. The long coiled lilaimmts 
Cf. Barber and Price: Nature, 1940, ^4;ff:335. 
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of the anthrax bacillus give the colony of this organism its chai^acteristic 
“medusa-like” appearance. The presence of capsules on an organism gives 
its colonies a slimy consistency, and their absence a dry, roughened ap- 
pearance. The colonies of some bacteria show coloring due to the elabora- 
tion of pigments by the organisms, but such pigments are not apparent 
in the individual cell under the microscope. Yellow and golden pigments 
are not uncommon, and others, including red, blue-green and violet are 
met with from time to time. 

Much stress should not be laid in all cases upon the morphology 
of masses of bacteria as an aid in distinguishing dilferent species. The 
mass morphology, like the individual morphology, is subject to wide 
variation under varying conditions of life, and can be regarded as only 
one item in the sum-total of characters that go to make up the concept 
of a bacterial species. One dilferencc between colony types which has 
recently been discovered appears to be of deep-seated significance. In a 
number of bacterial groups it has been found that rough (It) and smooth 
(S) colonies will develop from a single, apparently pure, culture (]). 152). 
Under ordinary condilions, transfers from S and 11 colonies often breed 
true. The rough and smooth strains difler in virulence and other charac- 
teristics, and the marked and persistent association of colony charaidcrs 
wilh physiological and biochemical qualities may be of considerable bi- 
ological significance. 

Growth and Cell Division. — Although bacterial growth may be, and 
oflen is, assumed to be a simple process, both experimental evidence and 
theoretical considerations indicate that the problems of growth are rela- 
tively complex. It is convenient to consider bacterial growth under two 
general heads: first, the process of cell division or multiplication; and, 
second, the growth of bacterial populations. 

By all odds tlie most common method of division is thal, of simple fis- 
sion which divides the cell into approximately equal halves. Among bacilli 
and spirilla, cell division usually takes place at right angles to the long 
axis of the cell. The cocci may divide in one, two or tliree planes, liuis 
giving rise to characteristic groupings such as chains, fiat shc(ils or irregu- 
lar masses, or cubical packets. Bacilli and spirilla show some eloiigation 
before division; cocci, as a rule, do not, although some exhibit an increase 
in the diameter of the cell without any alteration of its spherical form. 
The size which a single cell must reach before fission is, as among the 
higher forms of life, singularly constant for each species although, as will 
appear, some diflerences in this maximum size appear to be associated 
with the age of the culture. 

While bacterial multiplication is commonly observed to take pla(‘,e by 
simple transverse fission, other modes of cell division may occuir. Some 
forms, such as the diphtheria bacillus and the tubercle bacillus, show Y- 
like splitting and true branching characteristic of some of the higher fungi. 
Budding, similar to the budding of yeast cells, has been reported by some 
observers. More complex processes, such as the formation within a mother 
cell of a number of viable granules, called gonidia, which, upon liberation, 
develop into typical bacillary forms, have been reported by other workers. 
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Whether such observatious belong in the rcahri of rucl. or I'aiu y is o|>(mi 
to question. It has been pointed ouU^ that the struct nr(\s i (‘porte(l by sonu^ 
workers are so small that they could not have Ikmui r(\solv('(l by I he micro- 
scope. It may be said that, although binary fission is by far lli(‘ most 
common method of cell division among the baclcu ia, soin(‘ s[>(‘cics do (‘\- 
hibit branching and possibly budding may occair. <‘\is((‘ncc ol oIIkm' 
means of multiplication must be regarded for tlu‘ pr(‘s<‘n( as not. (‘s- 
tablished. 

Under fa\^orable conditions cell division may tak(^ place (juife rapidl\, 
as short a time as twenty rainutos elapsing betweem ofu* division and 
another of the colon bacillus. This rapidity of cell division is soiiu'linuss 
referred to as if it were a peculiar quality of bacleria, but as a tnalba* oC 
fact the embryonic cells olmany higher forms of lilc div id(‘ (|ui((‘ as rapidl> 
as bacteria. The remarkable thing about bacterial cell division is no I so 
much the rapidity with which one oc\\ division succcM^ds anollua* as ih(‘ 
fact that a very short time sufFices for the growtii of lli(‘ young c(‘ll lo 
maturity. A young bacterial cell attains full size and ucipilrrNs tln‘ capa(‘i( v 
to produce, in its turn, an independent oi‘ganisni imic.li sooiuu' Ilian most 
other forms of life. This rapid reproduction of distinct, individuals is plainly 
different from the mill tipli cation of embryonic* ccdls among Irighcu’ or- 
ganisms. 

The Growth of Bacterial Populations.- bor- olrvions practic al r<‘a- 
sons bacteria are ordinarily manipulated and studiiHl in groujrs consisting 
of large numbers of individuals. Likewise, bac;tei*ial gi-ovvlh is ol’ practical 
significance, not in ter'ras of one, two or llirec^ cudl divisions, but as growth 
in populations which often reach a density of lbi‘c‘c^ l.o (bur* hnndriMl million 
cells per cubic centimeter of culture fluid. Growth ol‘ (.1 h‘S(‘ organ isms in 
culture may be considei-ed from a variety of points of vic^vv, lire partic - 
ular one adopted being dependent upon thc^ nal.nrci of a giv(‘n invc'st igatioii. 
A simple view that is commonly, if tacitly, takcar assnrnc^s (bat gi-ovvth 
may be described by the reaction 

culture medium -f- O2 bacterial protofdasin -[- ()xidiz(*<l suljslimc cs, 

which proceeds from left to right and eventually c‘omc‘s (,o an (‘(juilib- 
rium. The reaction velocity constants may he dcdcarnincal (dthia- by th(‘ 
rate of disappearance of the reacting substancic^s or (bc^ rale* of app(*ar- 
ance of end products. Although complicated by a vai*Ic‘l,y of sich* riaic- 
tions, the assumption of such a relation has bcicn extrearndy usedul in ihci 
studies on bacterial metabolism. The growth of autotr-ophic', bacdc*ria, for 
example, is conveniently measured in terms of the conversion of c,arbonat(‘ 
to the organic carbon of protoplasm. A somcwliat moi-ci mead ranis tic*. ca)n- 
cept is that of the instability of an inoculated culture medium whicdi, 
after undergoing a series of complex cdianges, roaches a stable c(iuilibrium 
at a considerably lower energy level. Such a concept is, of cours<% t in* basis 
of studies of the energy metabolism of bacteria. These and similar vi<rws 
are oversimplified and, although of undoubted value, present only iimiliMl 
aspects of the phenomena of bacterial growth. 

Kliiyver and van Niel: Centralbl. f. Bakt., 1936 , Abt. tl, . 9 .^/; 369 . 
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The existence of bacteria in large aggregations or populations is of no 
little significance because ipso facto they are subject to the principles of 
population mechanics. The potential multiplication of these organisms by 
geometrical progression may be realized only up to a certain point. As 
numbers increase in the microcosm of the test tube, competition between 
individual organisms for foodstuffs, oxygen and the like progressively 
reduces the opportunity for further growth until a saturating populalion 
is reached. 

If no increasingly effective retardation were operative, the potential 
increase in a population would be expressed by the relation 


whei'e Y is equal to the number of individuals per unit volume and b to 
the potential rate of multiplication of each organism. When, however, 
there is a maximal possible population, K, this potential geometric in- 
crease is only partially realized, the extent of the realization depending 
on how near the size of the population is to its maximum at any g ven 
moment. Or, mathematically,^^ 


dt ^ K 


This equation is the differential equation of the logistic curve^'* the 
mathematical form of which is: 


I q. ea + ‘'X 

This func'.tion, plotting as a symmetrical sigmoid cuiwe, has been found 
to describe, with a high degree of precision, the growth of populations 
of a variety of organisms including man, yeasls. Drosophila, certain pro- 
tozoa, etc. 

If the nurnlicrs of bacteria in a growing culture are determined from 
time to lime and plotted against time, the points fall on a similar sigmoid 
curve. The resulting curve is, however, asymmetrical in that the point of 
inflection is not half way between the upper and lower asymptotes but is 
considerably nearer the lower asymptote. This discrepancy between bac~ 
terial populations and populations of other organisms has not as yet been 
satisfactorily explained. 

Partly as a consequence of this discrepancy and partly as a result of 
the large error inherent in the enumeration of bacteria, the treatment of 
bacteria] growth curves has taken a slightly different path. Such curvi^s 
are ordinarily not plotted arithmetically but on semilog paper: i.e., the 
logarithms of the numbers of bacteria are plotted against time. This pro- 
cedure has the advantage that not only are the errors of enumeration 
minimized but, when the organisms are multiplying at a geometric rate, 
the points fail on a straight line and the generation time determines the 
slope of this line. Furthermore, the numbers of viable bacteria, as deter- 

For a more detailed discussion of such rationalization the student is referred to 
lliOtha: PrincipPs of Physical Biology, Williams & Wilkins Company. Baltimore. 1925. 
l^earl and Reed: Proc. Nat. Acad. Sci., 1920, 6*:275. 
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mined by plale counl, decline noL long nClcr IJk' inaxiinuni populnliou 
has been reached and I he organisms appear io die oil’ a(, a geotneinc rale. 
The equilibrium predicted by the logistic function is not realized unless 
experimental conditions arc such that the food supply is con.slanlly re- 
newed and the waste products are removed. Such an eqnilibrinni is al- 
tained, for example, in cultures in constantly Mowing <'nltnrc inediinn. \ 
graphic representation of the rise and decline in numbers of viable bacicria 
in culture is given in Fig. FI. 



TIME 

Fig. 11. — DiagramioaLic representation ot‘ a l>at;t<‘riai growdi viivm'; nuriiluTs of 
viable organisms plotted against time oi incubation, .t, initial stationai-y ph;iS(‘: li, 
positive growth acceleration phase; C, logarithmic growth phasi*; />, ni'galivc gi’ow tii 
acceleration phase; E, maximum stationary phase'-; F, phase* of a<x‘(‘l<a'at<'d death : logar- 
ithmic death phase. (Aider Buchanan.) 

Buchanan^^^ has divided this curve up into stnen parts wiiicli Ik* d<‘sig- 
nates as follows: 

1. Initial Stationary Phase. — During this f)hase the nnrnlxu- of bacteria nunains <‘oti- 
St ant. 

2. Lag Phase or Positive Groiolh Acceleralion Phase. — During this phase the* ge*neration 
time decreases progressively until a minimum is r<.uiche;d. 

3. Logarithmic Growth Phase. — In this phase the gene^ratioii limei reanairis eeuistant 
and the organisms increase in numbers by geometrical f)re>gr(vssion. 

4. Negative Growth Acceleration Phase. — The geneirat-ion time |.>rogr(‘ssiv<*l,Y in<T'<*;i.s<'s 
during this phase and the bacteria continue to multiply but- at. a eh^eaeNising rate*. 

5. Maximum Stationary Phase. — Here the numbers of viable^ hae4e‘ria are* at. a maxi- 
mum, neither increasing nor decreasing. 

6. Phase of Accelerated Death. — Following the stationary phase*, the? iiuinl)t*rs of viable* 
bacteria decrease, slowly at first but with increasing rapidity, until a re*Iativ<*ly e*e>astant 
rate is attained. 

7. Logarithmic Death Phase. — During this phase a eionstarit rate^ of d(‘ath is main- 
tained. It should be noted that this rate is not maintained indelinit,e4y feir the* e'urve* 
tends to become asymptotic to the X axis. 

Different explanations have been offered to account for the varying 
growth rates observed in bacterial cultures. The failure of iiioculatigl 

20 Buchanan: Jour. Inf. Dis., 1918, 25:109. See the review by If inshelwood: Biol. B(‘v 
1944, 19:150. 
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organisms to begin multiplication at the maximum rale at once has been 
attributed both to environmental factors and to the physiological state 
ol the organisms. For example, it has been assumed that a partial pressure 
of carbon dioxide is essential to cell division for, when it is prevented 
from accumulating by gassing with C02-fi‘ee air or nitrogen, growth does 
not take place. On the other hand, the stationary and lag phases are 
said to be entirely eliminated by inoculation from a culture which is in 
the logarithmic phase of growth. Other explanations, for instance the 
allelocatalytic effect of Robertson,-^- have been proposed from time to 
time. FIershey‘^^ has developed mathematical equations by which the 
latent period in multiplication and the numbers of organisms expected at 
any time during the phase of rapid growth may be predicted. Since only 
diOerences in the size of the cells arc postulated (see below), the satis- 
factory agreement of experimental data with calculated values has un- 
doubtedly more than accidental significance. Likewise, the decreasing 
growth rate in the negative gr'owth acceleration phase has been accounted 
for in various ways, including the rate of ditfusion of oxygen into the 
medium, the accumulation of toxic by-products such as organic acids and 
ethyl alcohol, etc. It is probable that dilferent factors are operative with 
difierent microorganisms and that each culture constitutes a special case.-'^ 
ft is problematical whether tliis approach to the grwth of bacterial 
populations has any advantages over the rationalization of parameter's of 
filled cur-vcs,“® lar'gely because the latter method has not been applied 
to bacteria. 

The mechanisms operative in bacterial death, V)oth in culture and in 
the pr'csence of antiseptics, are uncertain. The surwivor curves are loga- 
rithmic, i.e., the same per*centage of viable or'ganisms is dying at any 
par ticular moment. The fact that this rate may be described by a mathe- 
matical expression which likewise describes a monomolecular chemical 
reaction is gener'ally held to be nothing mor’e than a fortuitous coincidence, 
and the conclusion dr*awn by some workers that bacterial death is a mono- 
molecular reaction has no basis in fact.-*’ 

Morphologic Variation During Growth.-^ — ^It has been observed 
that hol,h the morphology and the physiological activity of bacter-ia dilfer 
in difierent phases of the gr'owth of a cultur*e. As growth begins to get 
under way, the maximum size that a given cell reaches before fission in- 
creases somewhat, and microscopic examination shows that a lar'ge ])ro- 
por'tion ol the bacteria in a culture at (his stage of development ar'c 

Valley: Quart.. Hev. Biol., 1928, ,?.*209. 

Hubert, son: Plie Chemical Basis of Growth and Senescence. J. B. Lipt)in€olt ('t)rni)anY. 
Philadelphia. 1923. 

llershey: Jour. Gen. Physiol., 1939, 2.V:11. 

lienrici: Morphologic Variation and the Bate of Growth of Bacteria. Charhvs C 
''fhomas. Springfield and Baltimore. 1928. 

Cf. Chapman: EcoL, 1928, .9:111. 

Ukewise, the logistic curve describes an autocatalytic chemical ix^action, but this 
is neither evidence for the autocalalytic nature of population growth, nor does it, con- 
stitute rational grounds for discarding the logistic curve as a description of population 
growth becau.se “growth is not an autoeatalyt,i(‘. process.” 
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appreciably larger tliati at other tiiiK'iS. J lu‘ cc^lis slain e;\('nl\, aial lh(‘n‘ 
is no eyidence of granular structure even iu l lios(‘ organisms iu w iu<*h 
metachroma tic granules are most readily detnouslj-al (‘d. 4'h(‘ rale ol r<‘s- 
piration per cell increases, reaching a maxinuim at I he <m(l ol I h(‘ [»has(‘ ol 
accelerating growth and dccrmiug as the cultm*(' go(\s inlo tlH‘ logarilhrnir 
growth phase. The increased metaboli<5 rat<‘ iu tiu‘ (‘arl> growl h slag<‘s is, 
however, more apparent than real and has Ixhmi shown ' lo Ih" (pianlila- 
tively related to cell si/e. The cell size (ie(‘.lin<\s also as I la* ciillm c^ g<H‘s 
into the logarithmic growth phase althougli th<‘ individual <-ells lemaiu 
homogeneous and take stains evenly. By the* lim<‘ lh(‘ slalionai > [>has(' is 
reached, the bacterial cells are unih)rinly srnalhu' and, in ( ullurt's of spoi e- 
forming organisms, many are forming spoi'cs. As th<‘ viabh‘ bacha ial count 
decreases the cells no longer stain uniformly but show a granular siruelurt' 
and involutionary forms ajypear. Idiis sucuu'ssion of moi*[>hologic t>p<‘s, 
the embryonic or young cells, the mature forms and linally I he sein'scrml 
forms, has been designated cylomorplwslsr^ It is [)ossil)ly analogous lo a 
similar succession of events in the higluM* forms o(‘ life. 

The Chemical Composition of liacLcria.- Th<‘ chemical com posit ion 
of bacteria is not greatly dilferent from that of ollua- living rnalraiak 
They differ in composition from species to sp(‘(a(‘s, and lh<‘ e.h(‘ini<*al <’on- 
stitution of a given species is influenc(‘d to a eonsich'rahh^ (‘xhml hy lh(‘ 
composition of the medium upon which the organisms arc grown. In con- 
sequence, a precise statement of the relative amoimis of lh<‘ conqxninds 
and elements of which these organisms ar(^ comf)os(‘(l is nol possihh*; oid> 
crude approximations may be made. 

Bacterial cells contain considerable quantiti(\s of wal(‘r* but sonnwvhal 
less than the cells of the higher platits and animals. h]slimal(‘s of vvalci’ 
content vary widely, very likely owing to tlu^ dillicnlty of gtdling accurate 
wet weights. Although some organisms hav(^ Ixmuj r(‘p{>rl(xl Iu conlain as 
much as 00 per cent water, most bacteria show, in th<‘ hands of <‘ar(‘fnl 
workers, 70 to 80 per cent water. Tn some sptxfies of haetcM’ia an appr(‘(’i- 
able part, 17 to 28 per cent, of this is bound wat(u*.“« ash (tonhuil, /.c., 
the inorganic material remaining after combustion of th(‘ e.(‘lls, di'ptmds 
to some degree, both qualitatively and quaiditativcily, on tlx* inorganic 
content of the medium on which the organisms are grown. Th<‘ vahavs 
are, therefore, subject to considerable variation, and have; Ixxm giv{*n as 
from 2 to 14 per cent of the dry weight of the <u^lls. Tlu^ ash is largudy 
phosphoric acid, the P 2 O 6 content rariging from 10 to 15 p(‘r (uuit of the 
total ash. Undoubtedly a considerable proportion of this phoq)liorus (‘xisis 
in the cell in the form of nucleic acids. Sulfur, potassium, ehlorim^ and 
calcium are also present in notable amounts, together with usually srnalhu' 
quantities of magnesium, iron, silicon, etc. 

There is a good deal better agreement regarding th<^ (‘-arbon eontcuit of 
bacteria, for most analyses give about 50 per i;cnt of the dry w<*.ight as 
carbon. A part of this, of course, is present in the c‘.ell as protein, but lh(‘ 
polysaccharide gums which make up the capsular material a<HX)unt for a 

Hershey and Bronfenbrenner : Jour. Gen. Physiol., IQlUt, 

Cf. Friedman and Henry: Jour. Bact., 1938, 36:99. 
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considerable portion. Cellulose is not a common constituent of bacteria 
but has been identified in one organism.^^ Hemicellulose is often present, 
and starchlike material (granulose) is found within the cells of some species. 

The total nitrogen of bacterial cells varies more widely. An estimate of 
8 to 15 per cent of the dry weight is in accord with the majority of analyses. 
A part of the nitrogen is present in the cell as protein, but very little is 
known of bacterial proteins. Both albumins and globulins have been iso- 
lated, the latter much more frequently. A fraction obtained by extraction 
by dilute alkali and called nucleoprotein has been of immunological in- 
terest and has been studied more thoroughly than other protein cHinstitu- 
ents. It appears to be a globulin combined with nucleic acid. 

A finding in keeping with the high phosphorus content of bacter*ial ash 
is the relatively large pi'oportion of the total nitrogen that may be ac- 
counted for as nucleic acid. These organisms contain a higher pi’oportion 
of nucleic acid than any other tissue except thymus, a charac^ter isl ic they 
share with the yeasts and molds. As much as 7.1 to 11.5 pei* c^ent oT the 
total nitrogen is purine nitrogen. Adenine, guanine, cystosine and thymine 
have been isolated from the tubercle bacillus, the presence of th^^rnine 
and the absence of uracil suggesting the animal type of nucleic acid. 
Guanine has been isolated from the colon bacillus and (cytosine and uracil 
from the cholera vibrio. Thymine is absent from Iho latter, suggesi ing in 
turn the plant type of nucleic acid. In addition to the nucleic acids proper 
(polynucleotides), their decomposition products occur in the cell, includ- 
ing mononucleotides, nucleosides and the free bases. The slructure of 
bacterial nucleotides is uncertain although the predominating base is 
adenine. The functioji of adenyl pyrophosphate as a phosphate carrier in 
fermentation is discussed elsewhere (p. 102). 

Some bacteria contain considerable quantities of fats, lipoids and waxes, 
l.e., ether extractable material. The variation among bacteria as a group 
is great, analyses indicating that from 2 to 40 per cent of the dry weight 
may be lipoid in nature. Here, however, the variation within a species is 
not so great, but certain species, such as the acidfast bacteria, contain 
large amounts of ether extractable material. These, for the most part 
waxes and complex alcohols, appear to be associated with the acid-fast 
staining properties of these organisms. 

Tfihbcrt and Barsha: Jour. Auicr. Chow. Soc., 5‘i:lV)07 
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THE EFFECT OF PHYSICAL AND CIIEfVHCAE \<;EMS ON 

BAC I EIHA 

The separation of the envii-oninentul lai'lors, I hut so proroun(il> adVel 
the life processes of livinji; cells, into I, wo ii,’ron()s, on(‘ <‘(1 pliNsical 

and the other chemical, is imdonbtiHl y arlilicial in man> i!is(an<’<\s. 1 1 is 
often difTicuIt, if not iin[)ossil)le, to (lilh^nnitial th(‘ plivsical froni (he 
chemical; the lethal ell'ect ol a f’ennufidal suhs(anc(‘, foi' (‘\ampi<‘, ina> he 
a result of a combination of both ])liysi(^al and cln'inical aclivily or i(s nnxh' 
of action may lie in the borderland of sni*fac(‘ and [)hysical (‘hcnnsli\\. 
Nevertheless, such a separation has a (undain r*(‘alily and is nsedid for fair 
poses of exposition. 

Bacteria, like all other livin^jj organisms, c.onsisl ol* j)r’olof>lasm, a deli- 
cately balanced, heterogeneous mixture of various suhslanei's in colloidal 
and true solution. The disturbance ol* (his (Hpiilibrinin thr< aigh, f< >r ins! a nee, 
the piecipitation ot constituent t)rot(‘in, is in(‘otn])a( ihle with I h(‘ (xadinua- 
tion of the complex phenomena of life, and the roW (ii<‘s. On I h(‘ oilier hand, 
the environment, when lavorabki, not oidy (lo(\s not (l(‘sl roy I his (Mpiil ihriuni 
but makes possible its continuation through growth and innllif)li(’at ion of 
the oiganisms. Bacteria, like other organisms, ar(' (a*(‘a( ur(‘s ( >( I Inar (‘n\ ii’< iie 
ment; under favorable conditions they multiply rapidly and ninh'r unfaNor- 
able conditions either die or remain dormant in a viahh‘ sl,al(‘ uniil anolhei 
for growth presents it, self, '^riu'ty (-ling to litV with astonishing 
tenacity, samples ol black mud Irom a salt, hdve vvtn'(‘ Ibund to (’ontaiii 
many viable bacteria aftei' thii'ty-tbrce yeai*s sl,orag(‘.* In geiK'ral, (luyv are 
much more resistant to unfavorubh^ (fircuinistanci's than arc* most liigina’ 
forms of life. A part of this resislanc'e is, of (‘ourse, a ix'sult of the ability 
of some bacteria to form spores whieii ar(‘ relativcdy highly ri'sislant, hut 
the vegetative cells are considerably more resistant, than ao^ tln^ eidls of 
multicellular organisms. 

It is not possible to differeiitialc sharply l)(d,wetm th(\s(‘ favorable and 
unfavorable factor. The congnuity of a given environrm'ntal faetor with 
the protoplasmic equilibrium that is life is, largely, a (pianl itat ive rath(‘r 
than a qualitative phenomenon. Although liigh lenqx'rat nres (h‘slroy 
bacteria, a certain degree of warmth is essential to tlu'ir growth. DistilUxi 
water is toxic to many microorganisms, yet multif)lieat,i()n lalu^ i>lae<‘ onl v 
in the presence of adequate amounts of moisture. Kvm the highly act ive 
germicidal chemicals often markedly stimulate I lu^ growth of liacdm'ia when 
present in sufficiently low concentrations. 

Temperature Relations. — Bacteria as a group will l,hriv(^ und(‘r a 
relatively wide range of temperature conditions. Some of the mori^ haidy. 

^ Rubenchik and Khait: Ann. Inst. Pasteur, 1937, 58:i46. 
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such as Bacillus siiblilis, will grow throughout the range of 6° to 50° C. 
Others, such as many of the pathogenic forms, are able to grow over a much 
narrower range, and some of the more fragile organisms will grow only a I 
body temperature, i.e., 37° C., or very close to this temperature. For all 
these organisms, howe^/er, three temperature limits may be distingnislied. 
There is the initilmum or lowest temperature at which a given oj-gaihsni will 
grow, an optunam or temperature of most luxuriant growth, and a maxi- 
nium, the highest tempeT*ature at which growtli can take place. The position 
of these three points differs greatly among dilferent species of bacteria. In 
general those organisms whose natural habitat is soil or water have opti- 
mum temperatures of 22° to 28° C., while those which, presumably as a 
result of adaptation to a parasitic mode of existence, cannot sinwive outside 
the animal body have an optimum of 37° C. 

There are, however‘, bacteria whose optimum temperatures differ con- 
sidei’ab y from these. Organisms have been found whose oplimum tempera- 
tures are from 15° to 20° C., and they have been termed psychrop/illes or 
cold- loving organisms. Others having optimum temperatures of 55° to 65° 
C. may be found in the soil and hot springs*^ and arc called Iherniophiles. 
The great majority of bactei'ia have optimum temperatures which lie 
between these two extremes and, in this terminology, are designated as 
rnesop! tiles. 

The optimum tempera tui'e for given species of bacteria is generally 
considered to be that temperature at which the organisms grow “best.” 
The (piestion arises as to whether ‘Test” refers to the rate of growth or to 
the maximum population attainable. It has been fouiuF that temperatures 
optimum for growtli in teruns of rapidity of cell division arc not always the 
same as those optimum for the attainment of maximum numbers of cells 
per unit volume. A culture growri at a temperature at which cell multiplica- 
tion is most rapid will not attain as high a peak in numliers as a culture of 
the same organism growing more slowly at a lower temperature.'^ Other 
physiological activities of the cell appear to have optimum temperatures 
that differ from those which are optimum for multiplication. A given sugar 
may be feiTnented to a greater extent, albeit more slowly, when the culture 
is iiKuibated at a temperature somewhat below that optimum for cell 
division. Similarly, the atithrax bacillus forms spores most abundantly at 
30° to 32° C., while its optimum for vegetative multiplication is 37° G. 

Tlie continued grow th of bacteria at temperatures somewhat liigher than 
optimum may induce physiological changes of a tempoiary or permanent 
chai*acter. Bader iam prodigiosum, for example, fails to form its charac- 
ter*istic red pigment when incubated at temperatures higher than 30° G., 
but the change is ternporaiy, for subcultures incubated at lower tempera- 
tures form pigment normally regardless of how many transfers have been 
growti at the higher temperature. The anthrax bacillus, on the other hand, 

Bacteria have been found in hot springs living at a temperature of 89° C. CJ. Set.chell: 
Science, 1903, ^7:93i. 

3 Graham-Smith: .Tour. Jtyg., 1920, /.9.*131. 

^ See, for example, Spicer: Jour. Bac:t-, 1910, ,V.9:517; Stern and Frazier: ibid., 1911, 
//2:479, 501. 
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when grown for several transfers at 42° C. los<\s its ability to form sf>ort‘s 
and becomes avirulent — a change that appears to be pta inaiitnU. liK ubal ion 
or storage of bacterial cultures at temperatures lo\v(‘r t han opliimiin does 
not result in such qualitative physiological chang(‘s*, l.lu* nuiabolic' act iN it les 
of the organisms are slowed down and at temperat iir(‘s Ix'low t Ih' rniniinuin 
for growth the bacteria become dormant. 

The mechanisms determining the optimum, minimmn and inaxiinum 
temperatures of bacteria are obscure, in som<‘ (uis(‘s llayy may b(Ml(‘p(‘nd<*nt 
upon other environmental factors. It has been shown, ‘Mbr (‘xamph*, that 
while many of the thermophilic bachjria are abh^ to grow only at l(‘inp(‘ra- 
tures above 50° C. when in contact with air, l.layv ari^ abl<‘ un<l(‘r ana<‘i'obie 
conditions to grow at the ordinary incubator tet»ip(‘rat ur(‘ (7) or <‘\<‘n 
as low as 34° C. More recent work'* irKli(nt<‘s that, tin' maxininrn growth 



ococcus aureus. (After Gratiarn-Siiiilli.) 


temperatures of bacteria bear a definite relat/ionship to t,h(‘ rninimurii t em- 
perature of destruction of respiratory enzymes. 

The rate of bacterial growth and metabolic })ro(Hxss<\s iru^rc^ascxs, Iik(‘ ot lier 
chemical reactions, with rise in teraperature. The tertqxjrature eo<>nici<mt, 
i.e., the quantitative effect of temperature changes, is smdi (hat, t h(\s(‘ rat <\s 
are roughly doubled for every ten degree rise in temperat This <‘lh‘ct is 
observed only over a relatively narrow temperatures ranges, from tins 
minimum to the optimum temperature of the bacstxuial sp(Msi(‘s uruhsr 
consideration. 

The Lethal Effects of Heat.— Bacteria are readily killed by h<‘at,, and 
the utilization of heat in one form or another is one of the most <;onvt‘ni<ml, 

^ Rabinovdtsch : Ztschr. f. Hyg,, 1895, 2t?:1.54. 

® Edwards and Rettger: Jour. Bact., 1937, 54:489. 
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means of Uieir destruction. The lethal effects of heat are markedly influenced 
by the amount of moisture present, and so-called moist heat is a much more 
elTeclive killing agent than dry heat. The resistance of bacteria to moist 
heat differs somewhat from species to species, the pathogenic forms being 
in general somewhat less resistant. The resistance of a given species is 
influenced by two impoi Lant factors, the ability of the organisms to form 
spores and I, he previous history of the culture. Spores are always much 
more resistant than vegetative forms. Some species wheri in the spore stage 
can withstand the temperature of boiling water for upward of sixteen hours. 
The vegetative forms of most bacteria, on the other hand, are killed at 55° 
to 58*^ C. by ten minutes’ exposure in the presence of moisture. In general 
the heat tolerance of bacteria appears to be directly related to maximum 
growth temperatures.'^ The time and temperature of incubation influence 
to some extent, the heat resistance of vegetative cells. Actively growing 
cultures in the logarithmk^ phase are generally somewhat less resistant than 
are cc'slls rianoved fiom cultures containing maximum numbers of viable 
organisms, ^^he temperature of incubation appears to affect thermal resist- 
ance somewhat, in that cultures grown at and above the optimum tem- 
perature are more resistant than cultures grown at sub-optimal ternpera- 
tin*es.^ Previous treatment of both spores and vegetative cells with sub- 
lethal doses of ultraviolet light reduces their thermal resistance. However, 
suc‘,h (jhanges in resistance are usually of no great magnitude. Of consider- 
ably grealxa’ quantitative importance is the pH of the liquid in which the 
organisms are suspended. Variations from neutrality increase, to a marked 
degree, the rate at which a given temperature kills bacteria. Acad foods, 
sucdi as (,omaU)es, arc more readily preserved than foods which have a 
neutral reac'lion. Likewise, the addition of sodium carbonate to water in 
whicih surgical instruments arc boiled increases the ciriciency of the heat 
and at (tie same time tends to reduce rustitig. 

''Lhc death of an organism from heat is determined not only by the 
temperature reached but also by the time of exposure. The tubercle bacil- 
lus, foi’ example, is killed by thirty minutes’ exposure at 58° G., twenty 
rninul^es at 59° G. and two minutes at 65° G. One may, therefore, deter- 
mine the thermal death point of a given bacterium by exposure to varied 
degrees of heat for a constant time; or, similarly, a thermal death time may 
be determiruid by holding the temperature constant and varying the time 
of exposure. BolJi are useful, the latter possibly somewhat more so. 

Idle elfecit of iieat seems to be injurious even when bacteria are not 
killed, sincxi the cells that have been heated appear to require a longer 
per-iod of germination. I lershey® has shown that exposure to snblethal 
heat prolongs the latent period preceding cell division without affecting 
the rate of regeneration of the respiratory function, with no evidence of a 
period of "‘recovery” distinct from growth. On the other hand, sublethal 
lieating of bacterial spores often has the effect of accelerating germinal, ion. 

7 C/. I.ainanriii : Jour. Bad., 1912, 44:29. 

^ Cf. Idliker and Frazier: Jour: Bact., 1938, 56* .-83. 

“ Thirshey: Jour. Bact., 1939, 55;.563. 

Cf. Fvans and Curran: Jour. Bact., 1943, 46‘.*513« 
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The application of irioist JicaL to the tlcsl.ruclioo ol haol (^l ia ma\ lako 
several forms. SLerilizatiou by moans of sloani imd(M‘ pn^ssurc* is I ho mosl 
efficient of these, because' it makes possible lempc'ral ui(‘s hiahor (ban 100 
G. in the presence of moisture. At lifteen pounds’ pre'ssuro, loi’ (‘\arnpl{\ 
the temperature will be 121.!^° C., at twenly [)ounds, 12().2 ( ... cOc. \s a 

rule, exposure to fifteen pounds’ steam pressure^ lor lill('t'n ininu(os suOict's 
for the complete clestruelion of botli ve^u’etative and spori' lor insol 1)0(1 (u ia, 
although rai'ely highly resistant spores may Ix' found llial arc* no! kilh'd 
by this exposure. Boiling, he., exposure to 100° (k, sid1ic(‘s (<> kill all \ cixv- 
tative forms of bacteria within a few minutes; but si ('rilizal ion is nol (‘1- 
fected, for the spores of many of the saprophytic. l)a(‘iHi ar<' nol dcsiroN(‘d 
by boiling for many hours. Since very few of tlie f)athog(‘nic bach'ria loian 
spores, boiling contaminated water for a few miiuih's r(‘nd<‘rs il sale lor 
drinking purposes and the boiling of surgk'al instiamu'nts g<Mi(‘r all\ su dices 
to kill harmful bacteria. 

Temperatures as high as 100° C. are not ruicessary Cor lln' d(‘slnielion 
of vegetative forms of bacteria, since most ol‘ l.lu'ni ar(‘ kilh'd at 55 lo 50” 
C. if exposed for ten to thirty minutes. In tlu^ pi’(‘paral ion of \aecines, 
suspensions of bacteria are usually healed to 60^ G. for lhirl> minuh's lo 
one hour (to allow an adequate margin of safety), d’he lulx'rek' l)aeilliis. 
Brucella abortus and other pathogenic organisms ocem-ring in milk are 
killed by the process of pasteurization, he., Iieating to 1 12° to I 15° h\ Cor* 
thirty minutes. 

Dry heat is much less effective as a gcrmichhi lhan moist Ix'al. Tian- 
peratures of 160° to 170° G. must be maintained for two h> ihre(‘ hours 
in order to ensure complete destruction. 

The destructive effect of high temperatures on l)a(‘l(‘ria is appai(mll\ 
associated with the coagulation of constituent protidn. Th<‘ rah' of h<‘al 
coagulation of protein in solution closely paralkils tlx' rah* of <i<‘sl rinti ion 
of bacteria by hot water (p. 73). Furthcrinoni, tlx; (dicct of llx* wah'r 
content of egg albumin on the temperatures necessary for coagulalion is 
similar to the observed relative efficiency of moist and dry Ix'al in llx* 
killing of bacteriad^ 

Cold. — Bacteria ai'e much less sensitive to low I, ban to high h'uqx'ra- 
tures- As the minimum temperature of a given spccrnvs is a[)proaeli(*(i ami 
passed, the metabolic activities of the organism Ix'c'.onu^ incrt'asingly 
slower until a state approaching dormancy is niaclx'd. Pn'S('rval ion of 
bacterial cultures in the refrigerator is a common practice*, for tin' rah! 
of death of most bacteria is greatly reduced at low Icmpcrat un's.'" Sorin' 
mortality results from freezing; it is thought to l)c dm! to nn'chauical 
grin(ling coincident with the formation of ice crystals. Tho (widr'inx* for 
this is, however, not altogether indubitable, and attempts (o disrupt hac- 

Egg albumin in aqueous solution is coagulated at .56° C,; with 25 jxt <‘(u)t. watcu- 
content at 74-80° G.; with 18 per cent water content at 80-90° C.; wit h 6 p<a’ <H!rit wa((‘r 
content at 145° C. Anhydrous egg albumin may be heated to 170'" ( 1. witirout eoaeu™ 
lation. 

Some species of bacteria, however, are particularly scnsitivrj to cold; goiKxuxu-i and 
meningococci, for example, die out much more rapidly in the refrig(!rator than in t.h(‘ in- 
cubator. 
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Lcr'ial cells hy allenialc IVeezinjjj and thawing are not particularly success- 
ful. These oi’gunisius show a remarkable resistance to extreme cold; 
exposure ol organisms like I, he typhoid and diphthena bacilli to liquid 
air (— 190® C.) and to hujuid hydrogen ( — 250® C.) does not destroy tlieir 
vitalily. In this connection it is of interest that it has been found that 
musc‘l(‘ lihers frozen in li(juid air for five hours respond to electrical stimu- 
lation on thawing,'^^ Hec^ent wf)rk*' has indicated that tlie temperature at 
which fi'ozen bacOcnla are stored significantly influences the death rate. 
Wlnm Bdrlerliini coll was kept at —20® G. 25 per cent of the organisms 
wei‘(‘ still aliv(^ after 165 days, while at —2° C. death occurred rapidly 
and only \ j)(a* (‘,ent were found viable after eleven days. Death under 
suc^h circumstiuices may possibly be a result of tile denaturation of con- 
stitiumt. protein. The viability of pathogenic bacteria in ice from con- 
taminated sout‘(;es is disiaissed elsewhere (p. 225). 

Drying. 'The viiget.ative forms of most bacteria are killed by drying 
in air, although tiui dilferent spiic.ies exhibit pronounced differences in 
tlaar riisistance. I'he tidiercT'- bacillus is one of the more resistant and the 
cholera vilirio one of the more sensitive to drying. In general, the cap- 
sulatc^d organisms are morci resistant than the non-capsulated forms. 
Spores arci (piiti^ resistant to drying; the spores of the anthrax bacillus, 
for exanqile, will gia'minate after remaining in a diy condition for tcni 
ytiars or more. resist, anc'.e of the patliogcniic forms causing disease of 
the ufipc^r rcispiratory tract is of particular interest in connection with 
air-boriH^ infedion (p. 201), for the length of time that a droplet remains 
infcicdJve is a rc^sult,, jirimarily, of the resistance of the particular micro- 
organism to drying. 

rc'sistance of a given organism to drying is apparently determined 
to some extent by the ra{)i(lity of the drying process and the temperature 
at which the* organisms are dried and stored. If bacteria arc frozen rapidly, 
as with dry iru^ and akjohol cjr one of the glycols, dried fr'om the frozen 
stale (the lyofihih', proc.ciss) and the container* or ampoule evacuated and 
scjalcMl, th(\y r*(unain viable with antigenicity and virulence unimpaired for 
mont hs and y(‘.ars when stored in the refrigerator.^® J t is preferable that 
thc^y be susjxmch^d in a protein-containing solution such as dilute serum 
before frec^zing; in the writer’s cxpericncic broth cultui'cs frequently do 
not survivrx h^vem bacteria whicdi are sensitive to both cold and drying 
may h(‘, pr(\s(x*v<Hl intact by this method. The process is also applicable 
to scu*a and similar* matcirials. 

I Jghl;.--~Bac;t(n*ia do not c^ontain clilorc^phyl and, with tlie exception of 
the purple and green sulfur baid-cria (p. 91), arc unable to make use of 
radiant ener’gy. Dir*ect sunlight is injiii*ious to most bacteria, and dilfuse 
daylight exerts a hindering elfcat on bacterial growth and metabolic ac- 
tivity. This bactericidal activity is most, pronounced at the ultraviolet 
region of the spec-trum beginning at 5650 a. The inosl. active wave lengths 
appciur t.o b(i 2550 and 2650 a. In sublethal amount, however, ultraviolet 

Ixiyr^t and IdioarirH^s: P.oinpl. JUmd. Soc. Biol., 193t5, ^07:1256. 

llairuis: t>r(jc. Hoy. Soc., Scr. B, 1938, ^2//:451. 

Klosdorr and Mucld : Jour. Trrmiunol., 1935, 25:389. 
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irradiation stimulates the growth and respiration rale of inieroorgauLsms, 
one of the most interesting effects being an apparent initial iiutrease in 
the number of colony-forming organisms. Although this invisible portion 
of the spectrum is by far the more actively germi(*,idal, visible light also 
exhibits germicidal activity, blue being the most at^live and grtam (he 
least. Visible light requires a much longer exposure to prodiua! lethal 
fects. Sterile media exposed to sunlight for considerabh^ periods of time 
are rendered unfit to suppoi’t the gi'owth of inoculated ba<‘teria, appar(‘n( Iv 
as a result of the formation and accumulation of hydrogim p(‘roxi(h^. 

The mechanism of the action of ultraviolet light, on ba<d(aia is uiu^in- 
tain. Studies on the problem from the point of view of th<^ (pian turn t heory 
have indicated that about four million quanta of ciua'gy ar(^ lUH'essary to 
kill a single colon bacillus, and presumably the elf(H‘.t is a gtnuM’al <nie <m 
the bacterial protoplasm. 

The relatively weak bactericidal activity of the visibh^ spec^trum niay 
be enhanced by the inclusion of certain fluorescent dy(\s in the susixaiding 
medium. This photodynamic sensitization is of sue-h d(^gre(‘. that, visible 
light becomes almost as. effective as ultraviolet light in th(^ destnu^iion of 
bacteria, protozoa and viruses. Oddly enough, gratti-iu’igative organisms 
appear to be more resistant to such sensitization than gram-positive ones. 
The mechanism of this effect is entirely unknown. 

Other Iffadiations.^^ — The effect of a number of otlaa* radiations on 
bacteria has been the subject of some inv(5stiga(,ion. Cathode rays have 
been found lethal to a number of bacteria, the absorpt ion of a singh* tdcn*- 
tron by^a given cell being sufficient to cause desath, prt^sumably as a result 
of the release of large numbers of ions coinokhmt witli the absorption of 
the electron. Whether or nob x-^rays have a lethal (dfccd, is unt^tadain; some 
workers have found that these radiations are bactericadal while othin‘s 
have found no such effect. It has been observed that mutation-like eliangcts 
are produced in some bacteria by x-ray irradiation.^” LikewiwSe, thc^ twi- 
dence regarding the activity of radium emanations is conflicJting as regards 
the a and /3 particles, although there is general agreement that the t rays 
are harmless. Short radio waves appear to have no effect other than that, 
resulting from heat produced. It has been thought by some that th<UH^ 
are certain radiations, termed mitogenetic rays,^^ produ(Kid by actively 
dividing cells which stimulate the proliferation of neighboring coWh. 1 1 is 
not established that such radiations exist. 

Other Physical Agents* — Sonic and supersonic vibrations apparently 
destroy vegetative cells upon exposure for sufficient lengths of time. Audi- 
ble sound waves vibrating at 8900 cycles per second have hmn found to 
reduce the numbers of viable organisms in a suspension by 99 pea' <^(mt in 
a period of forty to sixty minutes. Ultrasonic waves of 300,000 to 1, 000, ()()() 
cycles per second have been found to reduce the numbers of viable B, roll 

Wyckoff: Jour. Gen. Physiol., 1932, f 5:351. 

Cf. Review by Jordan, P., Naturwissenscbaften, 1938, 26*:505. 

Haberman and Ellsworth: Jour. Bact., 1940, 4(5:483; Lincoln and (Jowen: GmwlleH, 
1942, 27:, 441. 

Cf, Gurwitsch and Gurwitsch: Die mitogeneiische Strahhing. Berlin. 1932. 
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from 70, ()()(), ()()() to 20, 000 per cubic ceutimeter hi fifteen minutes. The 
destruction is presumably purely mechanical if the effects of rising tem- 
perature have been controlled. Many attempts have been made to kill 
bacteria by passing an electric current through their suspensions. If these 
organisms could be killed in this manner, the sterilization of fluids such 
as milk would be a simple matter. It appears, however, that an electric 
curi'ent per se has no effect on the organisms, although the generation of 
heat and (.he liberation of chlorine (arising from the decomposition of 
chlorides) incidental to the passage of the current may kill the organisms. 
Kl pH’s compatible with life, bacteria. ai'e negatively charged with respect 
to water and respond to an electric current by moving to the anode. The 
migration of I, hose organisms in an electric field is termed electrophoresis. 
Studies on alterations and reversal of charge have shed some light on the 
mechanism of the agglutination reaction (p. 267). Increased pressures have 
little or no effect on bacteria unless the pressure is high, 5000 to 6000 
atmospheres, and the exposure prolonged. Under such circumstances the 
organisms may be reduced in numbers. Spores are more resistant; the 
spores of /i. subtilis, for example, survive 20,000 atmospheres. On the other 
hand, animal cells are killed by pressures of 1800 atmospheres.^^ Increased 
pressures of carbon dioxide show more bactericidal activity, non-spore- 
forming bacteria beitig killed after ninety minutes’ exposure to a pressure 
of 50 atmospheres. Such a germicidal effect may possibly be a result of 
increased acidity. The sudden release of high carbon dioxide pressures 
may result in the disruption of the cells of some bacteria; the gram- 
negative forms are more readily broken up in this manner than are the 
gram-positive. Sudden release of pressures of other gases does not have 
this effect. 

Chemical Agents. — The general subject of the effect of chemical 
agents on bacteria is a broad one and might reasonably be considered 
as including not only the germicidal chemicals but also the foodstuffs 
used by these organisms. It is more convenient, however, to consider the 
latter in terms of the effects of bacteria on their environment in a later 
chapter under the general head of bacterial physiology. 

A certain terminology has grown up about this subject matter which 
requires definition. The synonymous terms bactericidal and germicidal, 
which have already been used, are adjectives indicating a bacteria-killing 
power. The term bacteriostasis, or the adjective bacteriostatic, denotes a 
somewhat less drastic effect. A bacteriostatic substance is one which does 
not kill bacteria but acts in a preservative manner by preventing their 
growth. An antiseptic is a substance which has a preservative action, pos- 
sibly killing a few of the bacteria exposed to it, but in general acting pre- 
dominantly in inhibitory fashion. The term disinfectant is applied to 
substances having bactericidal activity and denotes something more 
vigorous than does antiseptic. These terms are obviously relative, for a 
substance that is bactericidal in a given concentration may be only in- 
hibitory or antiseptic in lower concentrations. Furthermore, the specificity 
of a certain compound for some kinds of bacteria may result in its having 

2“ Basset, Macheboeuf and Wollman: Ann. Inst. Pasteur, 1937, 5<9.'58. 
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disinfectant action with regard to one species l)ut only antiscplic action 
on another. 

Water. — In general, bacterial cells susptaided in <listilUul water di) not 
survive more than a few hom's, althougfi span's w ill sur\ i\ t* for many 
weeks. Death of the organisms results from a varit'ly of fa<*tors oiu^ or 
more of which has been operative in most of the n'poiit'd ('xpcrinu'nts. 
Water from a metal still, for example, often contains stitlicit'ut tra<‘cs of 
metals to be toxic, and water sterilized in soda or "'soft." glass <’onlains 
alkali dissolved from the glass.^^ Water freshly distilU'd from fnini glass 
is neutral but upon standing absorbs carbon dioxi(l(‘ from the air and 
becomes acid. The pH markedly intluenc<^s (lui survival of baticiia hi 
water, the death rate increasing on cither si<le of pli (>.(), vviutdi appears 
to be optimum for longevity. Other factors, such as (lu‘ numln'r of hui*- 
teria suspended in a given amount of water, dissolva'd oxygen and a(‘ct*S" 
sibility to oxygen, etc., are likewise known to alVcMi, the surviv al of thest* 
organisms. The osmotic pressure of distilled wa(('r, which a pru>ri might 
be thought of considerable significance in this (U)ime('( ion, is not an im- 
portant. factor because bacteria are remarkably rcvsistanl to chaiig<\s in 
osmotic pressure and are not disrupted or plasinolyzinl by suspenHi<m in 
hypotonic or hypertonic solutions. 

Acids and Alkalis. — Both strong acids and strong alkalis, /.c., those 
that are highly dissociated, exert a marked bactericidal <dVcct. The Udhul 
activity of the mineral acids is associated with, and proporli<»naI to, lht» 
degree of their dissociation, but that of the organics acids appears to la* 
an effect of the whole molecule, for the degree of di.sso<uat ion is, as a nil«*, 
not great. The disinfectant action of alkalis such as sodium hy<lroxi<lc 
is likewise proportional to the degree of dissociation. The germicidal at*- 
tivity of the hydroxides of the alkaline earths is, liowcvcr, gr(*ab*r than 
can be accounted for on the basis of dissociation, for the metallic itm is 
often toxic in itself. Both acids and alkalis in too low a eon(*eidralion io 
kill bacteria rapidly often enhance the activity of oliuir disinf(H*l irjg agtuits. 
For example, the germicidal activity of many salts is greater* in this pres- 
ence of acid or alkali and, as noted above, bacteria urti killtHl ttundi mort* 
rapidly by heat in the presence of dilute acid or alkali than at niuilrality. 

The relation of bacterial growth to the acidity or alkalinity of (*ulf ure 
media has been discussed elsewhere. Concentrations of hydrogen hy- 

droxyl ions compatible with growth are very low, of tlu* or(h‘r of In 
10 ^ mols of hydrogen ions per liter. Almost all ba(;t( 5 ria will grow at pH 
7.0 (1 X 10“’' mols hydrogen ions per liter) hut grow best at an optimum 
which varies from species to species. The minimum and maximum limits 
between which growth takes place likewise vary widtdy with sp(*(U(*H. Cer- 
tain organisms such as the lactobacilli and Streptococcus Uictis uix'i t(u*m<Hl, 
acidunc organisms because they are able to grow profusely at pH 4 A) or 
less. Perhaps the most acid-resistant organism known is Thlobacillus than 


It is commonly observed that water from stills in which iho condenser is ImM with 
unicellular protozo^ Nutrient solutions sterilized in soda glans <nn- 
ta ners ^11 not support the growth of Chilomonas pararneciurn while the same solution 
sterilized m pyrex glass will. Cf. Burrows: Protoplasm, 1938, 31:20. ^omwm 
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ox ('dans. This organism accumulates sulfate in its cultures as an end product 
of the .oxidation of sulfur and continues to grow even in the presence 
of N/IO sulfuric acid.“^ 

Salts. — Salts have, in general, two effects on bacteria. In very low 
concentrations they markedly stimulate growth and at higher concen- 
trations they become toxic. The particular concentrations at which these 
effects ar e apparent arc dependent upon the degree of dissociation of the 
salt, the nature of the anion and the valency and molecular weight of the 
metallic ion. In general, the bivalent cations are more toxic than the 
monovalent cations and the salts of the heavier metals are more toxic 
than those of the lighter metals. There is, however, no precise quantitative 
relation in either case. 

Th('> most active of the heavy metals are mercury, silver and copper. 
Mercuric chloride is highly active in 0.1 per cent aqueous solution, killing 
both spores and vegetative cells within a short time, and the silver salts, 
such as silver nitrate, although somewhat less active, are still highly effi- 
cient germicides. Copper salts are still less active but are highly efficient 
in the destruction of algae and other chlorophyl-containing organisms. 
Dissociation of these salts is intimately related to their disinfectant prop- 
erties. A solui.ion of mercuric chloride in absolute alcohol has substantially 
no disinfecting power, but if water be added the germicidal power of the 
solution increases proportionately to the amount of water added. Because 
of the importance of ionization, a comparison of the bactericidal power 
of the various metallic salts on the basis of percentage solution is mis- 
leading; equimolecular solutions must be used and the ionization constants 
taken into consideration. The bactericidal activity of the heavy metal 
salts is a result of the affinity of the cations for protein material; when 
the constituent protein of a bacterial cell is precipitated as an insoluble 
proteinate, the cell dies. Other factors appear to be involved also, however. 
Guest and Salle^'^ have observed that inorganic metallic wsalts which are 
only slightly bactericidal individually may become markedly active when 
mixed to produce an oxidation-reduction system. 

The oligodynamic action of mxials is possibly a result of the solution of 
the metal to form salts. The destruction of bacteria in contact with or in 
proximity to a piece of metal is the basis of some methods of disinfection 
of water. Water may be sterilized by allowing it to seep through a layer 
of silver-coated sand, and water containing colloidal silver in amounts 
sufficiently small to defy chemical detection, by calculation about 40 
gamma per cubic centimeter, is markedly bactericidal. Such colloidal 
solutions are prepared by sputtering silver electrodes in water— the so- 
called catadyn process.^"*^ 

The other cations arc less toxic than mercui'y and silver, but even so- 
dium and potassium are toxic to bacteria in sufficiently high concentrations 
{ca. 2 molar). It is of some interest that the arrangement of cations in 
an oi‘dci’ of their toxicity — mercury and silver at one end and sodium and 

22 Waksimin and JoO'en Jour. Bact., 1922, 7:239. 

2a Guest and Salle: Proc. Soc. Exp. Biol. Mod., 19-12, 5i:212. 

2-1 For a discussion sec Hodinann: Arch. f. ITyj?. u, Bakt., 1938, 
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potassium at the other, with others falling in order in h(‘(w (M^n (•()rr(‘sj)<>n(ls 
closely to the Hofmeister series and the Iyotr(>pi(‘ s(‘rii‘s of Frenndlitdn in 
which cations are arranged in the order ol' tht‘ir elhn^ls on ph>si<'al prop- 
erties of proteins, such as coagulation, solubilil y, vis(‘osiiy, (de. (oxit*- 
ity of cations as manifested in solutions containing a singh^ sail may often 
be neutralized by the presence, in the proper proportion, <yf anollua* (‘at ion. 
This phenomenon, known as the antagonistic (ffeci of sails, has hnl to tln^ 
concept and preparation of so-called balanced solutions siiidi as fiingt‘r’s 
solution, Locke’s solution and others. Salts not only mo(lif> or t‘nhanc<‘ 
the toxic qualities of other salts but also exert, similar (dfects on disiidVc- 


tant compounds of widely different constitution. Hodinm chloridt*. for 
example, markedly enhances the germicidal (]iialiti(vs of ph(‘rjoI for* ant hrax 
spores when present in sufficiently high coiuumt, rat ions. 

The part which anions play in the growth and dcxstriudion of hact(‘ria 
is less well known. Some, particularly those (‘.ontaining sulfur, carbon, 
nitrogen or oxygen, may serve as sources of thcs(‘ (‘Uutuuds and of (uuu’gy 
but in appropriate concentrations many arc toxics lor bac((‘ri«n"*' 

Oxidizing Agents. — Other salts, such as potassium p(‘rmanganat(‘ 
and the sodium and calcium salts of hypocdilorous acid (11 ()(’!), slum 
marked bactericidal activity owing to their properl.i(\s as oxidizing agimts. 
Mol for mol, hypochlorous acid is one of the most powcu’ful gcrmicidt^s 
known, and its calcium salt (commonly known as bleaching povvdtu*) has 
a wide use in the treatment of private and small municipal water snpprn‘s. 
Hypochlorous acid reacts with organic compounds (containing an 4 mud(* 
group with the formation of compounds known as (diiloraini n<\H. 
compounds show strong disinfectant properties whi(di ar<‘ appar<‘ntlN as- 
sociated with the presence of the = NC1 group. Two of t,h(\s(x <ddoraminc-l’ 
and dichloramine-T, were used with consideruhlc sucua^ss in thr^ disinlVcl ion 
of deep wounds in the last war. Similar compounds siudi as lht‘ chl<a*at(xs 
and perchlorates likewise are bactericidal. The halogens, (diIoriiu\ hromiiu* 
ancl iodine, are also potent germicides but, in contrast to t he lu^uv y medals, 
in inverse order to their atomic weights. Liquid ehlorint^ is wuhdy UHtni 
m the treatment of water supplies and iodine in the form of its tiiudurt* 
IS an efficient skin disinfectant. Bromine has been used ov.vmunmlly us a 
disinfectant for swimming pool water.^e Fluorine (u>mpoun(ls ar(‘ seddom 
used as disinfectants, although sodium fluoride is toxic to mnu) ha(d(‘ria, 
presunaably owing to its interference with their oxidative nundumisms* 
Both hydrogen peroxide and ozone are ba(itericidal, but (dui fornu^r is 
rapidly decomposed by tissue catalase and has little penetrating inmor 
when applied to wounds and abrasions. 


Organic Compounds.— More or less successful attempts hav(^ Imm 
made to utilize the germicidal activity of mercury and silver through th(^ 
preparation of organic compounds of them which, while having dmnfox^ 
properties are not markedly toxic to body tissue. These include 
metaphen (4-nitro-5-hydroxy-mercuriorthocresol), merlhiolate (stxliurn 


192^T:33,li^'ial^ discussion of the eflSct of salts on bacteria see Falk: Abstr. Bact., 


Hildesheim: Tech. Gemeindeblatt, 1936, 39:S6. 
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ethylmercurilhiosalicylate), mercuropheii (sodium oxymercuriorlhoni- 
trophenolate), mercurochrome (dibrom-oxymercurifluoresceiii) aod a series 
of silver-protein compounds such as argyrol, protargol, argonin and the 
like. Tlie organic compounds of mercury are generally used as skin disin- 
fectants and, in dilute solution, as preservatives. The silver compounds 
Ond wide use in the disinfection of mucous membranes, as in the treat- 
ment of gonorrhea and eye infections. They are, however, quite ineffective 
against spores of the obligate anaerobes, Welch’s bacillus of gaseous gan- 
grene and the tetanus bacillus.-^ 

Aside from these metal-organic compounds, the most efficient organic 
disinfectants are the coal tar products, phenol, or carbolic acid, and the 
monomethyl phenols, or cresols. Phenol is commonly used in 5 per cent 
aqueous solution and at this concentration destroys vegetative cells rap- 
idly and spores somewhat more slowly. The cresols, ortho, meta and para, 
are not soluble to this extent but in 2.5 per cent emulsions are about three 
times as bactericidal as 5 per cent phenol. Ci'ude tricresol, a distillate 
containing various impurities as well as all three cresols, is a more potent 
disinfectant than any of the cresols alone or a mixture of the three in pure 
form. Difficulties arising from the low solubility of tricresol may be elim- 
inated by saponificatioti and the end product, lysol, is likewise strongly 
bactericidal. The germicidal activity of the phenol derivatives may be 
enhanced by halogen substitution, and if the methyl group of the halogen 
compound is replaced with aromatic or higher aliphatic groups, toxicity 
for bacteria is still further increased.^® Resorcinol, hydroxy phenol, is 
mildly bactericidal and one of its derivatives, hexyl resorcinol, has gained 
an undeserved reputation as a general disinfectant.^® 

Soaps, the sodium and potassium salts of higher fatty acids, are mildly 
germicidal in themselves, but probably what disinfectant action they 
possess may be accounted for on the basis of mechanical removal of micro 
organisms by emulsification of the lipoidal secretions of the skin in which 
many bacteria become embedded. The surgical soaps, containing a disin- 
fectant, are not as effective germicides as might be supposed, although 
somewhat more bactericidal than ordinary soaps.®® The slight bactericidal 
action of fatty acids is apparentlylattributable to the hydrogen ion.®^ During 
recent years a group of substances similar to soaps, the sodium alkyl sul- 
fates (such as Drene and others), have come into widespread use. These 
are cationic detergents in contrast to the soaps which are anionic deter- 
gents. Some of these have been found®^ to inhibit the growth of some 
bacteria in relatively high concentrations (0.1 per cent), but the activity 
is markedly selective, gram-positive bacteria being inhibited but gram- 

I^rewer: Jour. Amer. Med. Assn., 1939, il2:2009. 

Klarmann, Shternov and Gates: Jour. Lab. Clin. Med., 1934, ibid.^ 20:40. 

See the review of the relation of structure of the phenols and their bactericidal prop- 
erties by Sxiter: Chem. Rev., 1941, 2^:269. 

For a discussion of the bactericidal activity of soaps see Eggertb: Jour. Gen, Physiol., 
1926, fd:147; Jour. Exp. Med., 1927, 46:671; ibid., 1929, 49:53; ibid., 50:299; ibid., 1931, 
53:27. 

Cowles: Yale Jour. Biol. & Med., 1941, i3:S71. 

32 Cf. Cowles: Yale Jour. Biol. & Med., 1938, if5r:33. 
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negative bacteria not affected. Reduced surfacu^ U^ision in has little 

detrimental effect on bacteria, althougli it might, su|>p<)S(‘(l that a ger- 
micidal substance which markedly reduced t.Iu^ surla(‘(^ t<‘nsi<Hi ol water 
would be more effective as a result ol coiKurntratioii at the liaetta'ium- 
water interface. In the case of surface active gt^rmicidt^s it hits hemi oli- 
served'^^ that wetting action and bactericidal propi'rtii^s ari^ c’hmtdy e<»r- 
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related. Whatever the mechanism, it has boc^n found that wetting agtmts 
apparently increase the bactericidal action ol un(lisso(‘iat ed phenols/** I he 
salts of quaternary ammonium bases are also (uitionii* detergents. dlies4* 
have been of interest in recent years and appear promising as g<‘rnut*i<lt\s, 
especially those having 12 to 16 carbon alkyl chains.'*^’ 

Ethyl alcohol and ethyl ether, often used as skin disinf(‘ctants, are not 
good germicides. Their cffectiycncss probably lit\s in tin* solution of the* 
lipoidal secretions of the skin and conseepK^jU- nuudianical nanovrd of 
microorganisms. Absolute alcohol has little or no germu^idul ac^tivity. Tin* 
bactericidal activity of alcohol-water solutions incr(Mis(^s vv^ith tlu^ addition 
of water until the solution contains approximately 50 p<'r ctnd ak'ohoh 
but decreases with a further decrease in alcohol (joiuumtration. Absolut 
propyl and isopropyl alcohols are likewise iucff(;ctive hut show' at'tivity in 
aqueous solution, while absolute methyl alcohol is said l.o he bactc^riclcial/*'' 

Dyes.®’' — The dyes arc widely used in l)acteri(>logy both for staining 
purposes and as indicators. In addition, many of them show a markcnl 
bacteriostatic and bactericidal activity which is often specifics in that it is 
manifested against one organism and not another. Idle iiuMjrporation of 
an appropriate dye in a medium will render it sele(^.live, nr., it. will favor 
the growth of some species of bacteria and inhibit that of othtn’s. In g(ui- 
eral, this specificity is correlated with the gram rcadion ; t he gram-ia^gat i vo 
organisms are, for the most part, much less sensitive to dyt‘H than an^ tlu' 
gram-positive species. The mechanism of this selec^t.ive action is obsemnn®*^ 
The antisep tic activity of these compounds is ailed ed by plf, th(^ loxitliy 
of the acid dyes increasing with acidity and that of the lumv, dyc^s in(*r<*as- 
ing with alkalinity. 

Many of the dyes such as the thiazius, oxazins and azo dyes arc^ not 
particularly toxic for bacteria, dilutions of 1:1000 or less being re<juir<^d 
to inhibit growth. A number of the triphcnyl methane dyes artn on tiu^ 
other hand, inhibitory in high dilutions. Mala(‘hite grtnm, for e.xainplt\ 

Cowles: Yale Jour. Biol. & Med., 1940, 42:697. 

Ordal and Deromedi: Jour. Bact.. 194-3, 45:293. 
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iiiliibits the growth oiB. suUilis in dilutions of 1:4,000,000 and staphylo- 
cocci in 1 : 1,000,000, while higher concentrations, i.e., 1 : 30,000 to 1 : 40,000, 
arc required to inhibit the colon and typhoid bacilli, Victoria green, a 
dichlor derivative of malachite green, is bacteriostatic to about the same 
degree. Brilliant green is active in even higher dilutions, inhibiting B, 
sublilis in a dilution of 1:15,000,000 and staphylococci in 1:4,000,000 and 
the typhoid and colon bacilli in 1 : 500,000. 

The bacteriostatics properties of the triamino triphenyl methane dyes, 
the so-called rosanilins, arc apparently associated with the substitution of 
alkyl groups in the amido side <;hains. Basic fuchsin, a mixture of the un- 
substituted simple dyes rosanilin and pararosanilin, is relatively weakly 
bacteriostatic, dilutions of 1:500,000 being required to inhibit the growth 
of jB. aublilLs. Acid fuchsin, a mixture of various sulfonated derivatives of 
basic fuchsin, is likewise only weakly inhibitory and is widely used in 
media as an acid indicator under the name of Andrade’s indicator. On the 
other hand, methyl violet, a mixture of tetra-, penta- and hexamethyl 
pararosanilin, is markedly bacvtcriostatic and completely inhibits the 
growth of bacteria sucdi as staphylococci, diphtheria bacilli and others in 
dilutions of 1 : 1,000,000 to 1: 5,000, 000. Approximately 150 times as much 
dye is necjcssary to suppress growth of the less sensitive gram-negative bac- 
teria such as the colon and typhoid bacilli. There appears to be a correlation 
of bactericidal activity and basicity of these compounds.^^ It may be noted 
that there has been a lencwed interest in the dyes as chemotherapeutic 
agents in recent years.'^- 

The acridine dyes, acriflavinc and trypaflavine, have been of particu- 
lar interest because of their therapeutic significance. The former is ac- 
tively bacteriostatic in dilutions as high as 1:3,000,000 and the latter in- 
hibitive to staphylococci and similar organisms in 1:2,000,000 and to the 
relatively fragile gonococcus in dilutions of 1:10,000,000 to 1:50,000,000. 
The gonococcus is killed by exposure to the dye in dilutions of 1:80,000 
to 1 : 400,000 within two or three minutes. 

Gaseous Disinfectants. — The use of bactericidal gases for the disin- 
fection of rooms, dwellings and the like (fumigation or terminal disin- 
fection) has declined markedly in recent years with no coincident increase 
in the prevalence of infectious disease. The commonly used gases, formal- 
dehyde and sulfur dioxide (generated by burning flowers of sulfur), are 
probably not bactericidal as gases but in aqueous solution and are elTec- 
tive, therefore, only in the presence of adequate amounts of moisture 
(a relative humidity of 60 per cent or higher). Sulfur dioxide in aqueous 
solution (sulfurous acid) probably owes its germicidal qualities to its acidic 
nature. Formaldehyde, usually sold under the trade name of formalin (a 

Gentian violet is a more or less impure mixture of methyl violet and dextrin. Crystal 
violet, hexamethyl pararosanilin, is one of the constituents of methyl violet. 

The relative bacteriostatic efliciency of these dyes is very high. A 1 :250,000 dilution 
of mercuric chloride is required to suppress bacterial growth completely. 

Albert, Rubbo and Goldacre: Nature, 1941, 1U7:ZZ2, 

42 Cf. Mcllwain: Bioebem. Jour., 1941, .?5.*1311; Rubbo, Albert and Maxwell: Brit 
Jour. Exp. Path., 1942, 23:69; Russell and Falconer: Lancet, 1943, ii:580; Browning: 
Brit. Med. Jour., 1943, i:263. 
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33-40 per cent solution of the gas in water), Itas gr(‘al(‘r p<‘n(4 rating power 
and is a more eifective germicide than sulfur di<)xi<l(\ Otlan' gustos siu'h as 
hydrogen cyanide have little or no elfect on ba(‘.((‘ria. Although the value 
of terminal disinfection is open to serious ((uestion, (hat ol <Usintestat ion 
is well established and the gases, hydrocyanic^ a(‘id in partic'ular, an* 
widely used for the destruction of rats aboard ship, (ac. 

Aerosols . — ^The use of aerosols, bactericidal c^oinpoutids fiiudy di.sperscMi 
in the air, for the destruction of air-honie pathogc'ine. ha(‘t(*ria has been 
developed in recent years, especially by Rolnn'tson and his ta>-workc*rs.‘'^ 
These investigators first used propyhme gly<*.<>l as a vc^hicdt^ tor ha<*(<*ri<*idal 
compounds but control experiments indicatcHl that tlui glycol alone (volu” 
tilized by heat) was equally effective. The glycol is n^la lively non-toxic* 
and the vapor may be breathed with impunity, but- bacderieidal concen- 
trations of 50 per cent or higher are attained wlum droi>l(ds (*om<‘ in <*(^ntiU‘t 
with suspended microorganisms. The rate of dcisl.nndion of air-borne 
bacteria is in agreement with the assumption of (duuu*(* contact with gl\ col 
droplets. Other workers have used dispersed hypochlorite* and u!(ra\iolt*t 
irradiation to kill air-borne bacteria but these methods art* n<d. t4>o promis- 
ing. These results are of considerably more than ordinary signifi<*anct» in 
that they make possible the control of air-borne inft*ction (p. 201); tin* 
respiratory diseases have hitherto spread in (ht^ human population wit in 
out hindrance. 

The Specificity of Disiixfectan.Ls. — The mark(‘d vspt*eifi(‘it y of the 
bacteriostatic and bactericidal activity of tins dy(\s has b(*<*n ri*f(*rrt*d (<» 
above. The property of difierential toxicity is not. ronthu*d to IbcvSt* ctun- 
pounds alone, however, but is exhibited to some d(*gi*e<^ by many ol* the 
bactericidal chemicals. The hypochlorites, for exumph*, whih^ powerful 
germicides for most bacteria, have little c(fc<;t on th(’! luhereh* haeillus. In 
general, the salts of the heavy metals are least in th(*ir a(*lion and 

dyes the most, with other compounds lying bctw(HUi (law* two oxirenwH. 
Certain slow oxidizing agents such as potassium di(*-hroma((^ (*x(*r( a st*le(*- 
tive bacteriostatic efiect on gram-negative bacl-tu’ia, and iodine is more 
efficacious against these microorganisms. Similarly, among tht* long (‘bain 
aliphatic bases, the less strongly basic amines act on gram-positive bac- 
teria for the most part, whereas the gram-negative organisms art* niort* 
susceptible to the action of the stronger bases such as guanldiiu's and 
quaternary amines. 

Although it might be supposed that the specificity of disinfVttlanls m an 
undesirable quality and that a universal disinfectant would pohh(\hh grtud 
advantages, it will be apparent on second thought that sp(s<ufu‘- t.oxi<;ity 
is often highly desirable. For example, a compound whi(;h is etpially (^fft*(> 
tive in the destruction of both bacteria and tissue cells vahM not h(^ use<l 
to advantage in the disinfection of the mucous mcmbram;s. 

The Chemotherapeutic Drugs. — The phenomenon of spe(vifi(^it.y also 
assumes great practical significance as the basis of e.h(unotht*rapy of in- 

Robertson et at: Jour. Exp. Med., 1942, 75:593; ibid., 1943, 7^:387; S< 5 ien(*e, 1943, 
97:142. 

Fuller: Biochem. Jour., 1942. ,7^:548. 
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fet*-(ioiis disease, l^lhrlieh’s discovery of salvarsan came as a result of a 
scarc^Ii for a “ma^ic bullet” — a compound strongly germicidal for a given 
fjiic^foorgaiiisin yel sunicicnl.ly non-toxic to the host that it could be in- 
jected into the tissues in ellective concentrations. The discovery of chemi- 
cal stm(‘tures having these properties has been purely a matter of trial 
and error rather than rational theory, but once discovered, the active 
portion of the molecuile may, of course, be modified to increase efficacy, 
(h^et'case toxi(‘ity, (do. Successful chemotherapy has, in the past, been con- 
lined to (‘(Ttain spirochetowses and protozoan infections, the compounds 
sliowing aid ivity including the arsenicals, compounds of antimony and of 
hismiilln (^(‘rlain dyes such as trypan red and the flavines, synthetic com- 
pounds su(di as atabrine and plasmochin, and certain naturally occurring 
substaiH^es sucdi as (prminc. Until relatively recently the bacterial diseases 
appc^aixid to bc^, for all practical purposes, resistant to chemotherapy. 

With the obser vation that the azo dye prontosil had marked chemo- 
lhei*ap(Mil i(‘ ac tivity in streptococcus infections, and the discovery of the 
a<;tiv(^ por lion of the molecuile, p-ami nobenzene sulfonamide (sulfanil- 
amide), a n(‘M series of compounds, known as sulfonamides, was found to 
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be highly efficacious in the treatment of many bacterial infections. Many 
derivatives of p-aminobenzene sulfonamide have been prepared, radicals 
being attached to the nitrogen of the sulfonamide group, which show dif- 
ferent solubilities, degrees of ionization, toxicity, rates of absorption and 
excretion, associated with differences in chemotherapeutic efficacy.^® 

These (ujmpoun ds are bacteriostatic rather than bactericidal and appear 
to function in vivo by suppressing bacterial multiplication, the invading 
microorganisms being destroyed by the body defenses, notably through 
phagocy tosi-s by the cells of the macrophage system (p. 291). They do not 
(if. R(’:I1 and ITohin: Jour. Amer. Chem. Soc., 1942, 6*'^:2905. 
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affect the bacterial toxins to a significant The nuM-hanlsin < gn )\\ t h 

inhibition has been of pai’ticular inlerest beeaus(^ its study has allow t‘d (lie 
development of the first rational theory of cheinol h(a'apeu( i<‘ art i\ if > 

The Woods-Fildes Theory.— It was observed liy Woods'^ (hat, the hai*- 
teriostatic action of the parent compound, sulfanilamid(\ is sp<H*ifiealIy 
neutralized by p-aminobenzoic acid. The lalha; is i-tupiirt^d as a growth 
accessory substance (p. 121) by a few bacteria, (Uo.stndiura (in'totfiilytiruni, 
Acetobacter sixhoxydans, and possibly certain strains ol the diphtlieria hatal- 
lus; presumably it plays an essential part in the plivsiologieal <‘eouoiny of 
most bacteria, but the great majority are able to synlh<\siz<‘ it and tfien*- 
fore do not require that it be supplied preformed. 'Vhr (*lose sirnilai ity in 
structure of p-aminobenzoic acid and p-aminohenzi^iu' sulfonamide will 
obvious from the accompanying structural fornuila(\ It. was sugg<‘st«sl by 
Woods and by Fildes^^ that the action of sulfonaniidc's on ha(‘t(‘ria is fht‘ 
result of a competition of these compounds wil.h an (wsinilial ha<d<‘rial 
metabolite, p-aminobenzoic acid. This hypothesis of com pet it ire irtiifalion 
is known as the Woods-Fildes theory. 

This explanation is now supported by an impressiv(^ amourd of exptud- 
mental evidence and it appears highly probable that it is suhslaut iaily 
correct. For example, the bacteriostatic acdion of a wid(^ variidy of deriva- 
tives of sulfanilamide is nullified by p-aminobonzoiii acid and rt‘lafe<l com- 
pounds which will give it on hydrolysis. The ridationship hetwixm the 
antagonist and the drug is a quantitative one; the ratios usually reported 
vary from 1 : 1000 to 1:26,000 but arc considerably la^arcr unity if (he pri's- 
ence of antagonist in the test medium and the ioni(‘. e.orHxmtrution <d* (lie 
drug be taken into consideration."'^ 

It may be noted that, as a corollary, spechnens such as bhjod, urim* or 
other body fluids taken from an individual uuchx going wsulfonainidt^ t herapy 
may contain sufficient amounts of the drug to inhibit haidt'rial grow th 
when they are cultured. The inhibiting effect may be avoidixl by including 
p-aminobenzoic acid in the medium; a concentration of 5 rug. pm* 100 rv, 
is ample. 

The fundamental significance of this theory, howevex-, lii^s in (ht^ fmd. 
that it can be generalized, and predicted antagonisms (,o other gnm th ac- 
cessory substances tested experimentally. This has been dotui, cspixdally 
by Mcllwain. He has prepared sulfonic acid and sulfonamide! analogmxs 
of nicotinic acid^^ pantothenic acid^» by substitution of SOaH or 
-SO 2 NH 2 for a cai'boxyl group in the essential suhs(,an(a‘, and shown thmn 

That is to say, there is apparently no clinically important (!(T(‘Ct; however, r/. 
Carpenter and Barbour: Proc. Soc. Exp. Biol. Med., 1939, IlutruT ami Zahl; 

Science, 1942, ^>6:563. 

See the critical discussion by Wooley: Science, 1914. f0d:579. Mcllwain: Biol 
Rev., 1944, 49:135. Henry: Bact.Tev., 1943, 7:175. 

Woods: Brit. Jour. Exp. Path., 1940, 24:74. 

Fildes: Lancet, 1940, i:955. 

Cf. Fox and Bose: Proc. Soc. Exp. Biol. Med., 1942, 59:142. 

Janeway: Jour. Amer. Med. Assn., 1941, 449:941. 

Mcllwain: Brit. Jour. Exp. Path., 1940, 24:136. 

53 Ibid., 1942, 23:95. 
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to be specilically aiiLagoiiistic and inhibitory. Wooley and White*^^ and 
Wyss^’^’ have obtained similar results with pyrithiamixi, the pyridine ana- 
logue oT ihiamin. Mcllwain^^^ has also carried out the reverse type of ex- 
periment. Todinin, the di-N-oxide of a dihydroxyphenazine, is a pigment 
produced by Chromobacleriurn iodinum which inhibits the growth of cer- 
tain bacteria. This growth iidiibitory effect could be nullified by certain 
an thracpiinones and naphthaquinones, from which he inferred that quin- 
nones play some part in bacterial metabolism, possibly in the transport 
of hydrogen- The antibacterial effects of quinones have been studied by 
others also.^’’ As yet none of these substances has been found to function 
as an effective chemotherapeutic agent. 

It is of considerable interest that the generalization seems to remain 
valid when carried over to higher organisms. Thus, symptoms of vitamin 
deficiency may be produced in experimental animals by feeding an ana- 
logue of the vitamin, viz,, pyrithiamin, glucoascorbic acid, isoriboflavin 
and the plienazine analogue of riboflavin, and the analogue of nicotinic 
acid, /5-acetyl pyridine. 

While it is probably by no means the whole story, the hypothesis of 
competitive inhibition seems to be firmly established, at least as a pro- 
visional theory. Attacked by some, it has been ably developed and defended 
by Mcllwain.^^ 

Another group of bacteriostatic substances, some of which are effective 
chemotherapeutic agents, are produced by microorganisms and are termed 
antibiotic substances. These are discussed elsewhere (p. 132). 

Factors Influencing Disinfection. — The process of disinfection or 
bacterial death is often in part, at least, a chemical reaction and is, there- 
fore, subject to a variety of influences which affect the velocity of such 
reactions. The most important of these influences is the concentration of 
the reacting substances, i.e., the concentration of disinfectant and the 
numbers of bacteria present. The effective concentration of disinfectant is, 
in turn, dependent upon two other factors, first, the presence of moisture, 
which makes possible coagulation by heat, ionization of the bactericidal 
salts, and acts as a solvent and suspending medium in which there may be 
intimate contact between the disinfectant and the microorganism; and, 
second, the presence of extraneous organic matter. Many chemical disin- 
fectants act through a combination with the protein of the cell and, if 
extraneous organic matter is present, will, of course, react with this inert 
material, thereby reducing the effective concentration. Disinfectants vary 
widely in the degree to which their bactericidal properties are affected by 
organic matter. The salts of the heavy metals ai-e rapidly precipitated by 
organic material, while compounds such as phenol and the cresols are only 
slightly affected. The rate of destruction by heat is also aflected by the 
presence of organic matter — organisms embedded in a mass of fecal ma- 

Wooley and White: Jour. Exp. Med., 1943, 7^:489. 

WyHs: .Tour. Baet., 1943, 46’:4B3. 

so Mcllwain: Biochem. .Tour,, 1943, .?7.-265. 

Armstrong, Spink and Kahnke: Proc. Soc. Exp. Biol. Med., 1943, 5.5:230. 

08 Mcllwain: Lancet, 1942, u:412; Nature, 1943, i5i: 270; Lancet, 1943, ii:449. 
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terial, for example, are protected from heat for a siiort. linu^ 1 iie pr<)(*t\ss 
of disinfection by germicides or by heat is inihmnced by lempcradire, 
velocity of the reaction increasing with rise in lln*, p\l Vikv- 

wise influences the rate of bacterial destruction not. only by heal but by 
many chemical compounds, the velocity, in gentu'al, Ixang Imsi at neu- 
trality and increasing with increase in acidity or alkalinity. A mnnlnx* <»f 
other factors such as the presence of salts, etc., affe<‘.t tht‘ rale ol iliHin- 
fection but generally not sufficiently to be of praiiticuU iniportaiax*. 

From the practical point of view, the time of exposures of ba(‘tt‘ria to a 
given disinfectant is of considerable significance aiul, of (^ours(\ b<^ars an 
inverse relation to the rapidity ^of killing. The time allowtxl for t he <lest rue- 
tion of bacteria is determined not only by the factors discnissed above but 
also by the kind of bacteria that are to be killed. In cert ain t^ast^s t lie sptn*- 
ificity of a disinfectant may be so marked that it must be lixkcn into (’on- 
sideration. For example, the relative atoxicity of hypo(diIorile for the 
tubercle bacillus referred to above precludes its use in tlu^ disinhxditm of 
tuberculous sputum. Bacterial spores are much more resistant to hcxit 
and chemical disinfectants than are the vegetativ(^ cells, and (winsidt'rably 
more time must be allowed for their destruction. The vi'gtdative cells of 
some bacteria may be somewhat more resistant than those of others, but, 
for the most part, such differences are too small to lie of pracdic^al sig- 
nificance. 

The Dynamics of Disinfection.— Quantitative studii^s on t.Iu» rate at 
which bacteria axe killed by lethal agents have indic^ated that in many 
instances the organisms die at a logarithmic rati'., i.e., if thi^ logarithms 
of the numbers of viable organisms are plotted against, tinu', the points 
tend to fall on a straight line. This phenomenon has heiui obsiu’veil in 
the death of both spores and vegetative cells undiir tlu^ inthumce of cduuu- 
ical disinfectants or moist heat and also occurs in the death of baetiu’ia in 
old cultures. The velocity of the reaction, the slope of suc.h a liiuj, d(»pendH 
upon the concentration and kind of disinfectant., the naturi^ of the or- 
ganisms — whether spores or vegetative cells — and other fatd.ors whii'h 
influence the process of disinfection. This logarithmic rate likt^wise dtv 
scribes the course of a mouomolecular reaction, and this laid, has hxl some 
to conclude that bacterial death is a monomolecudar ehemicud rtuudiou. 
Although the killing of bacteria by some disinfectants is undoubtedly a 
chemical process, as for example the precipitation of <‘.onst.it.U(‘nt protein 
as proteinates of heavy metals, the evidence doi^s not justify the <xm<*lu- 
sion that the reaction is monomolecular. The fallai’.y is thc^ old one of 
confusion of correlation and causality under the slightly diflenmt guist^ of 
description and mechanism. Experimental evidence has indicat (xl that 
while such semilogarithmic plots may often be fitted with a straight Hue, 
others are best fitted by sigmoid curves, the death rate being mori^ rapkl 
in the beginning in some cases and more rapid at the end in others or oven 
highly irregular. Some workers®® have concluded that one of the morii im- 
portant determining factors is a graded biological resistance of the ceils in 
the bacterial population, an explanation that is supported by general hi- 
Knaysi: Jour. Inf. Dis., 1930, 47:293. 
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ological considerations. Undoubtedly the phenomenon of bacterial death 
is a complex of interrelated factors whose admixture with the mechanics 
of the mass law results in the parameters determined by mathematical 
means. Of practical importance, however, is the fact that in disinfection 
by chemicals and by heat there is a minority of cells, possibly more resist- 
ant, that survive long after the majority have perished and that must be 
destroyed in order to obtain complete sterilization. 

The Standardization of Disinfectants. — The relative bactericidal ef- 
ficiency of the chemical disinfectants is a point of considerable practical 
importance. The value of a quantitative method for the determination 
of the killing power of germicides was recognized early in the develop- 
ment of bacteriology, and experimental investigation led to the estab- 
lishing by Rideal and Walker®® of a standardized technique which made 



Fig. 13. — Death rate of anthrax spores treated with 5 per cent phenol. The dotted line 
is the arithmetic plot and the solid line the logarithmic plot. The negative logarithm was 
obtained by taking samples of several times the unit volume. (After Chick: Jour. Hyg., 
1908, 8:92.) 


possible the determination of the bactericidal power of a given chemical 
compound relative to that of phenol. The numerical value so determined 
is termed the phenol coefficient and is presumed to indicate whether, and 
to approximately what extent, the unknown is a better or poorer germicide 
than phenol. Later methods of standardization have grown out of this 
procedure. In the method proposed by Reddish®^ the phenol coefficient of 
a disinfectant used against the typhoid bacillus is calculated as follows: 

Divide the greatest dilution of the disinfectant capable of killing BacL iyphosum in ten 
minutes but not in five minutes by the phenol dilution which should do this and divide 
these figures one into another. In order not to convey a false idea of the accuracy of the 
method the coefficient is calculated to the nearest 0.1 point if under l.,0 to the nearest 0.2 

Rideal and Walker: Jour. Roy. San. Inst., 1903, 24:4>24!. 

Reddish: cf. Jordan and Falk: The Newer Knowledge of Bacteriology and Immunology. 
University of Chicago Press. 1928. P. 301. 



76 Effect of Physical and Chemical AgetUs on Bacteria 

point if between I and 5.0, to the nearest 0.5 point if between 5 and 1 0, and lot i»e nearest 
1.0 point if between 10 and 20. For example, if results an^ ri'ud as follows: 
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Coenicient is 5.9 

If the reading is as follows: 
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then estimate the dilution of the disinfectant killing in ten but not in liv(‘ ininuteH as 
1-37.5 and the phenol as 1-95 (37.5 95 = 0,395 or 0.4) giving a co(‘ni(u<ud. of i). k 


The effect of extraneous organic matter on the batdt^ricndul powei* of a 
disinfectant is commonly taken into coiisidcralion by (uirrying out the 
test with and without added organic matter. Three per ami of dvlal ftM'ul 
matter or dried yeast may be added to the ba<;tcrial susp(‘tiHi<Hi or the 
organisms may be suspended in 50 per cent serum. It is im|M)rtat»t to 
recognize that bacteria differ considerably in th(dr resistatu^ci to pluuiol, 
staphylococci, for example, being much more resistant than llui typhoid 
bacillus, so that in strict accuracy it is necessary to specify ‘'typhoid pluaiol 
coefficient,” “pneumococcus phenol coefficient,” et(‘..«2 

For ihe phenol coefficient method designated as official by the Food and Drug Ad- 
ministration see United States Department of Agriculture Circular No. 198. 1931. 



BACTERICIDAL ACTIVITY OF DISINFECTANTS* 



4 


* Selected from the data of Clampit, Campbell tod Reames of the University of Chicago, 
f Determined on basis of killing in five but not in ten minutes. 

I The disinfectant is apphed to an area of shaven skin, a piece of which is then excised and cultured. 

§ Relative phenol coefficient determined by dilution of the disinfectant as supplied (concentration in parentheses), 
f Absolute phenol coefficient based on the pure compound. 
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It is open to question as to whether eoinpouiids whos<^ s{ru<‘fur<‘ aiul 
chemical and germicidal activity differ greatly IVoin that of' pluaiol may 
legitimately be compared with this standard disiidVc^taii! . In laauaH yt^ars 
some workers have departed from the standard pr<>cedun\s, alhaing ihrm 
to suit individual requirements. The phenol e()eni(‘i(ait of an alenholic 
solution of a compound insoluble in water obviously has liHh^ valu(\ as 
has that determined on an acid or alkaline solution of a <‘ompound only 
slightly soluble at neutrality The simple statenuad (ha(, a given ger- 
micide has such and such a phenol coefTicicnt has, tlnai, li(fl<‘ nuauiing. 

Even assuming, however, that the standard pluaa^l (‘ 0 (‘f!u‘i(aif proetal- 
lire be rigidly adhered to, the test itself is opcai to s(a*ious <aa(ieLsm. The 
end-point to be determined is, clearly, sterility-^ all lh(‘ hvsl organisms 
must be destroyed. The quantitative studies diseuss(al ahova^ ha\<' shown 
that although destruction may proceed at a regular atid rapid rale for a 
time, the asymptotic tendency of the survival (uirv(‘ indi{‘al{‘s I hat steril- 
ity or complete destruction is not a desirabh^. end-point in that it is <hu‘ 
that is difficult to determine with a reasonable d(‘gr(‘(‘ of ae<‘uraey. The 
practical consequences of the use of this end-point, appc^ar in the form of 
aberrant results when the time variable is all,er(‘d. If th(‘ tMuI-point be 
taken as sterility in two and one-half minutes as in t h<‘ original Hid<‘al- 
Walker method, the phenol coefficient of Uglffs i« sonu^what more than 
2, but if the time taken is thirty minutes as in l lu' (dii(‘k- Mari in rruxii- 
fication, HgCb has a phenol coefficient of 550.^’'* It, would app<*ar that a 
determination of the reaction velocity constant of th(‘ t inx'-siirv iv or eurv e 
would yield much more dependable I'esul ( s. 

Furthermore, the phenol coefficient test does not tak<‘ into i-cuusidera- 
tion the temperature coefficient of the disiideiiant uiuhT <‘Kaminat ion, 
which differs with the test organism,*^® nor does it measnre the tileets of 
changes in concentration. A rise in temperaturr^ iiu^rcuistvs tlu' ariivity of 
phenol and similar compounds much more than that, of (h(‘ sails of heavy 
metals; doubling the concentration of phenol iiuaeasrvs its hat*t<»ri(‘idal ac- 
tivity approximately 64 times, while a similar huacasci in lh(‘ e<ui<*erit ra- 
tion of HgCb only roughly doubles its activity. 

It is generally agreed that the rate of killing, Le., llu^ rr^aetiim v(‘lo<’it> 
constant, is a much more accurate measure than any valium whost^ d<a*iva- 
tion depends upon a sterility end-point. Th(^ relation h<‘tw(‘tui <‘on(‘en- 
tration of disinfectant and time required for killing is an exponential one 
and the reaction velocity constant, k, is given by t he expr<‘ssion: 

k = 

when C is the concentration, n a constant characteristit*. for <‘aeh ilLsin- 
fectant, and t is time. The temperature coefficient k may, of (‘ourse, he 
determined experimentally for each disinfectant. It will bc^ (4ear that, this 
kind of characterization of the bactericidal activity of a given (compound 

63 For a discussion of the Hmitations of the phenol co<^fli( 5 ienL Ih^ddish: Irni. hkitr, 
Chena., 1937, 29:1044. 

6^ Chick: Jour. Hyg., 1908, ^:92; ibid., 1910, 10:237; ibid., 1912 f t>*.1 1 1 

66 Cf. Tilley: Jour. Bact., 1942, 45^:521. 
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is much moi'e informative than the usual type of phenol coefficient, no 
matter how precisely the conditions of the test are defined. It is not, how- 
ever, at all generally used for routine work.®^^ 

The practical value of a disinfectant is not always indicated by tests 
made under the controlled conditions of the laboratory. Hydrogen per- 
oxide, for example, may give quite respectable phenol coefficients but, 
when applied to an abrasion, is so rapidly decomposed under the influ- 
ence of tissue catalase that its germicidal powers are almost immediately 
cxh.OLXJ.stcd 

On the other hand, a given disinfectant may be so highly toxic for tissue 
cells that it has no practical value. Salle and his associates'^ have proposed 
a “toxicity index” which takes into consideration not only the germicidal 
activity of a compound but its toxicity for tissue as well. For example, 
Witlin^^ determined the concentration of bactericidal substances lethal for 
the chick embryo and calculated a toxicity index by using the concentra- 
tion of the bactericide in grams per cubic centimeter killing the test organ- 
ism, Staphylococcus aureus, in ten minutes but not in five as the numerator, 
and the chick embryo MLD in grams for the denominator. Representative 
values were: phenol (1:20) — 1.18; HgCh (1:1000) 0.62; tincture of 

iodine — 0.044; sodium hypochlorite — 1.39; mercurochrome (1:50) 13.3; 

and values ranging as higji as 9.1 for various organic mercurials. Such 
toxicity indices are of considerable practical importance in the case of 
skin disinfectants. There is as yet no standard method for their testing.^^^ 
The whole question of the evaluation of disinfectants is beset with 
many difficulties, both theoretical and practical, and to date rernains an 
open one to which no entirely satisfactory answer has been supplied. 

l^^or applications of this approach see, for example, Withell: Jour. Hyg., 1942, 42:124, 

Irwin: ibid,, 1942, 42:328. 

Salle, McOniie and Schechmeister: Jour. Bact., 1939, 37:6S9. 

Withn: Proc. Soc. Exp. Biol. Med., 1942, 4.9:27. 

60 Cl‘. Report of the Council on Pharmacy and Chemistry: Jour. Amer. Med. Assn., 
1943, f2f:593. 
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BACTERIAL PHYSIOLCX.Y^ 

The biochemical changes brought about Lhrotigh the at^livities of ba<‘-- 
teria aie by far the most obvious manifestations of lh(‘ir lln* 

long-known but little understood phenomena of feniKnilation, putrt‘fa<‘- 
tion and decay, soil fertility and infectious dis(‘ases of man and lower 
animals are, in essence, no more than the exhibition of om^ or inore of the 
many facets of the biochemical potentiality of tlu^sc microorganisms. The 
oxidation of ammonia by the nitrifying bacteria, tlu^ de(;omposition of 
carbohydrates to alcohols and acids and the prodiuvtion of siibstaiua^s toxic* 
to higher animals are a part of the normal activities of this fudc‘r<ygtm(‘ous 
group of living organisms. The elucidation of many of tlu^sc^ phcaiomt^na 
has not only made possible a partial control of a not in(^onsid<a*abIe por- 
tion of man’s environment but has provided an insiglit into the life pro<*ess» s 
of these organisms, organisms structurally so simple tiiat. morphology can- 
not carry us far in their study. 

The term bacterial physiology, or, sometimes, bacterial nudabolism, is 
a broad oiie which is generally assumed to mcftnle the online HCMpicnci* of 
events taking place in a bacterial culture. Since the sirmll si/a^ of (he in- 
dividual bacterial cell precludes the utilization of many of tht‘. physio- 
logical techniques adapted to the multicellular, diircrMuitiated organism, 
the physiology of bacteria becomes, for all practicjal purposixs, a bio- 
chemical physiology. The very magnitude of the biochemiiuil i‘hang<\s 
brought about by these organisms tends to reinfor(;e a belief in their n^Ia- 
tive importance; bacteria have, for example, been shown to consunu* f<ui y 
to sixty times as much energy as man in terms of (‘alories per gram of body 
nitrogen.2 The obvious significance of physiological ac'.tivity is so rc^adily 
apparent that it has tended to obscure to many the undoubted important^* 
of the environmental factors that influence the fiincl.ioniug of thc^ living 
cell. It is to be borne in mind, therefore, that although bactcu ial physiology 
is a branch of general cellular physiology, it must be rcigarded as a spc'cnal 
case which, in many instances, goes considerably further* afield into <d.hc»r 
fundamental aspects of biology than the present concept of cellular phys- 
iology is generally assumed to do. 

iQne of the best discussions of bacterial physiology may he femnd in Waksnmn: 
Principles of Soil Microbiology, Williams & Wilkins Company. Baltimore. 1st cd., 1927; 
2nd ed., 1932. For a complete survey of the literature up to 1930 see Buchanan and 
Fulmer: Physiology and Biochemistry of Bacteria. In three volumes. Williams & Wilkins 
Company. Baltimore. 1930. For recent literature see Stephenson: Bacterial Meiabolmn, 
Longmans, Green and Co, London. 2nd ed., 1939. Recent reviews may be found in the 
several volumes of Annual Review of Biochemistry and reference may be mad(^ to that 
of van Niel: Bact. Rev., 1944, 5:225. 

2 Ruhner: Kraft und Staff im Haushalte der Natur. Leipzig. 1909. 
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Morphologically bacteria are simple organisms and are often regarded 
as a primitive type of cell. These organisms are not simple physiologically, 
however, many of them oxidizing glucose, for example, by mechanisms 
very similar to and often more complex than those used by higher animals. 
Others, such as the nitrifying bacteria, whose respiratory processes con- 
sist of but a single simple oxidation, synthesize all the components of pro- 
toplasm from inorganic compounds of carbon and nitrogen — a more com- 
plex process than that of joining together preformed amino acids. Since 
these organisms metabolize in these and other highly complex ways, it is 
difficult to regard them as physiologically simple. There is, however, some 
reason to think that bacteria are primitive cells. The view that the path- 
ogenic organisms are degenerate forms cannot be taken to imply that the 
free-living forms are likewise degenerate with respect to other living cells, 
for such a postulate entails the assumption that the physiological capabili- 
ties of these organisms are acquired characters, and is not in keeping with 
current knowledge of biology. The multiplicity of reactions which bacteria 
are able to bring about suggests that, in these organisms, the original 
capabilities of protoplasm have not been lost to the ex tent that they have 
been by the differentiated cells of higher organisms. The animal body, for 
example, has no mechanism for the breakdown of cellulose, yet bacteria 
having the ability to hydrolyze this substance are universally distributed 
in the soil. Bacteria capable of breaking down a particular organic com- 
pound have been isolated since the early days of bacteriology by the rela- 
tively simple expedient of inoculating a highly specific medium containing 
the substance under consideration as the only source of energy with a 
complex mixture of organisms such as exist in samples of soil. It is prob- 
able that by this method a bacterium could be found which would oxidize 
almost any organic compound. No group of higher organisms shows such 
a high degree of physiological flexibility. The wide range of carbon com- 
pounds that a single bacterial species may oxidize and the multiplicity of 
end products of tlxe fermentation of a single carbohydrate likewise point 
toward such a flexibility. The simplicity and variability of the nutritive 
requirements of many bacteria also suggest a physiologically primitive 
cell. 

The physiological economy of the cell is dynamic rather than static, 
and life is compatible only with a state of greater or lesser, but nevertheless 
continuous, physiological activity. This activity may be approximately 
separated into two phases, the exothermic, oxidative, energy-yielding re- 
actions, and the endothermic reduction reactions of synthesis. The former 
make possible a continuous, regulated supply of energy to the cell, while 
the latter channel this energy, or a part of it, into the synthesis of cell 
substance. The living cell may, therefore, be regarded as a machine for 
the manufacture of protoplasm, operating with a greater or lesser degree 
of efficiency, whose energy is supplied by the complex process of respira- 
tion. This oxidation-reduction process is not complete within itself, i.e., 
the machine is not 100 per cent efficient, and the respiratory oxidatioiis 
are not precisely balanced by the reductions of synthesis. Other substances 
must, therefore, be reduced to, balance the excess of oxidation reactions 
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and this is carried out through a series of rea(‘, lions holding to I he (‘V(Mdua! 
reduction of atmospheric oxygen. The separation of lh(^ proe(\ss(\s of r<\s- 
piration and synthesis cannot be complete, of course, for in many inslane<‘s 
the products of the respiratory process are assinnla((^d by (In^ e(‘ll an<l util- 
ized for synthetic purposes; in fact in very many instance's a pn'lirninary 
decomposition is necessary before assimilation ('.an (x^t'ur. 

A reasonable amount of information is availabh^ with r(‘sp(Hd to rc'spira- 
tion, regarding both the catalysis of the reac'.tions and tin' in(('rrn<Mliary 
metabolism of the substrates, i.e., the successive r('a(*tions invoKnxI. On 
the other hand, the mechanisms of synth(3sis of th(‘ (x>inpon(Mits of proto- 
plasm 6ire almost completely unknown, not only for tlu^ baehnia but for 
other organisms as well. Elucidation of the nutritive r(H|uir(an(mts of ba('- 
teria may, perhaps, be regarded as definition of the pnx'ursors of proto- 
plasm in the catalytic system that is the microorganism uiuhn* (‘onsiden - 
ation; it may equally well be regarded as definition of tin' limits of tin* 
synthetic abilities of the organism. 

RESPIRATION 

The great majority of bacteria are said to be chernosynlhetic, /.e., tlnnr 
metabolism is animal-like in that they obtain energy st.ored in (*ompI(*x 
molecular configurations by the oxidation of organic', (X)mp<)unds. With 
the single exception of the purple and green sulfur baeden ia, none' of (h<'H<» 
organisms contains chlorophyl or similar subsl.anc'c^s whic'h wbtild make' 
possible the utilization of radiant energy. 

It has been shown by Novy and his associates'* that, most i)uet(u*ia 
respire in the original sense of the term; they consum (3 mohnadur ox y gem 
and give off carbon dioxide just as do higher forms of animal lif<‘, Otlu'r 
workers have used the Warburg technique in the study of ba(d.( 3 rial re's- 
piration, and it has been found possible to calculate rtispiratory (piotitnits 
with a considerable degree of accuracy. Some bacd.eria, howcwca*, do not 
respire in this way but are able to grow in the complet ,(3 absimt'c of nudex'- 
ular oxygen. This discovery, made by Pasteur in 1861, was one of the' 
landniarks of biochemical physiology, and the phenomenon of “life with- 
out air,” or anaerobic growth, has since been found to <mmr among or- 
ganisms other than bacteria, including the higher forms of lift^ 

Anaerobic Oxidations, — Although the phenomenon of aiuuuobic 
growth appeared incredible at first, subsequent experinumtal work has 
provided a simple and adequate explanation. The oxidations l)rought 
about by living cells are, of course, coupled reactions in which a corrc's- 
ponding reduction takes place simultaneously. Molecular oxygen is the 
substance commonly reduced by cells respiring under aerobic conditions. 
If, however, a cell is able to reduce substances other than oxygem, th <3 
energy-yielding oxidations may proceed in the completes absence of air. 
Some organisms are able to grow anaerobically in the preseiu’c: of nitrate 
reducing it to nitrite. 

In most cases, however, anaerobic oxidation-reduction rmcAlons eoimml 
ol hydrogen transfer, oxidation being the loss of one or more atoms of 

3 Novy et al: Jour. Inf. Dis., 1925, 168, 545, 343. 
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hydrogen from the molecule of substrate and reduction a corresponding 
addition. Thus in the case of succinic and fumaric acids : 


COOH 

1 


COOH 

GHa 

oxidation 

Ah 

1 


II + 2 : 

GHa 

1 

reduction 

GH 

1 

GOOH 


COOH 


Compounds which give up hydrogen are known as hydrogen donators and 
those which receive it as hydrogen acceptors. Some compounds such as 
dyes and naturally occurring catalysts (see below), may either accept 
hydrogen in the oxidized state or donate it in the reduced state, the re- 
action being reversible. Such substances may, therefore, act as hydrogen 
carriers. 

The Thunberg Technique. — These anaerobic oxidations, catalyzed by the 
dehydrogenases, are conveniently studied by the use of an oxidation- 
reduction indicator such as a dye. Methylene blue is commonly used for 
this purpose since it is blue in the oxidized state and colorless when re- 
duced. The reaction must be carried out in an appropriate vessel from which 
air can be excluded, since leuco-methylene blue oxidizes rapidly in the 
presence of oxygen. This type of experiment has been developed by Thun- 
berg^ in particular and is known as the Thunberg technique. For example, 
in the study of the bacterial dehydrogenases a suspension of washed bac- 
teria is mixed with a solution of substrate, such as glucose or an organic 
acid, and methylene blue in a Thunberg tube, and the tube evacuated 
and incubated in a water bath. With a reasonably heavy suspension of 
typhoid bacilli in the presence of glucose, for instance, methylene blue is 
reduced in a few minutes. Some standard may be taken as a reference 
point, such as the time of reduction of a particular concentration of a 
given substrate and a specified density of bacterial suspension. Suppose 
this standard reduction time is given an arbitrary value such as 100, then 
other reduction times can be expressed as one-half, one-tenth, twice or 
whatever it may be. 

The rate of methylene blue reduction is used much more crudely as an 
indicator of bacterial activity in milk, and is a fairly reliable index of 
degree of bacterial contamination (p. 236). 

The anaerobic oxidation-reduction need not necessarily involve two 
kinds of molecules. In that type of decomposition known as intramolecular 
oxidation the molecule is broken down in such a way that one portion is 
oxidized while another is reduced. The coupled reaction may also take 
place in the presence of only one kind of substrate with the oxidation of 
one molecule and the reduction of another; this type of decomposition is 
termed dismuiation and often occurs in the bacterial metabolism of car- 
bohydrates. 

During anaerobic growth bacteria are apparently much more active 
biochemically than during growth in the presence of oxygen. The marked 
proteolytic activity of many of the anaerobic bacteria is a matter of com-v; 

^ Thunberg: Quart. Rev. Biol., 1930, 5:318. 
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mon knowledge. This increased activity is, however, inort^ apparent, than 
real in most cases. The most efficient oxidations, from eiu^rgy-yii^lding 
point of view, are those in which oxygen is redinxMl to watc^r and <‘arhon 
is oxidized to carbon dioxide. The anaerobic oxidations resnll. in the pro- 
duction of reduced substances such as methane, rclativndy (^omph^x amines, 
partially oxidized substances such as organic acids, elce, and not. iu‘arly 
so efficient in the production of energy as the aerobic', oxiciatioirs. Consc'- 
quently, much more original material must be partially oxidizc'd to make 
available a given quantity of energy than would b(‘. nc'c.c'ssary if (‘ompl(d<> 
oxidation, Le., to carbon dioxide and water, took pla<u‘. 

Respiratory Enzymes.® — ^The catalysis of the rc^spiratory proec'ss ap- 
pears to be essentially the same in all types of cells; at, h'asl, this is genua- 
ally assumed to be true at the present time. Thc^ r<‘st)iratory ('lizynu's 
make up a “system” of catalysts which function in the t.ransport of hydro- 
gen from the reaction mixture, i.e., make possible tlu^ oxidation of nnd- 
abolites, to the inexhaustible reservoir of reducible matcuial, tiu' oxygc'ii 
of the atmosphere- They consist of a protein carrier (coupled wit h a fun<^- 
tional prosthetic group which is reversibly oxidizcid and ichIucuhI, thus 
making it possible for them to act as hydrogen carriers. The prosthetic^ 
groups, or portions of them, are in part members of the vitamin B c'cnn- 
plex, and are required by certain bacteria as well as highca- animals (p. 123), 
This transport takes place in an orderly mamun* in (hat the hydrogem is 
passed from one to another by a series of oxidalion-rcHlucdioii reaedions in 
a way analogous to the functioning of a “bucikel brigade.” ’'rhe^se enzyme's 
are: 

(1) The dehydrogenases, which activate the hycirogen of rnc,tat)oHt(5H and act an inttT" 
mediaries between them and the coenzymes. (A very few, notably xanthiiie oxidase, are 
able to react directly with oxygen.) Their nature is not known but thcar activity in aensi- 
live to narcotics and not affected by cyanide; they may be furthc^r sc^parated from one 
another on the basis of susceptibility to selective poisons 8u(;h as tolucuic. 'rht'y redn<M' 
dyes and coenzymes. 

(2) The coenzymes, including: 

(a) Coenzyme I (cozymase) or diphosphopyridine niuihiotide (DPN), and ctHmiyme 
II or triphosphopyridine nucleotide (TPN), which contain nicsotiaamide, the pyn<iine 
ring accepting hydrogen. They are reduced by the cocnzyme-linkcMl dehydrog«^ria«<»H 
and oxidized by flavoprotein enzymes. 

(b) Cocarboxylase or thiamin phosphate, which catalyzes the decarboxylation <*f 
pyruvic acid to acetaldehyde in the alcoholic fermentation. 

(3) Flavoprotein or “yellow enzyme.” The prosthetic group is an alloxazina derivatives, 
riboflavin (phosphate), and reversible oxidation-reduction occurs by virtue of two of the 
nitrogen atoms of the alloxazine ring which accept hydrogen. (Other yellow enzymes are 
known whose prosthetic groups contain adenine also.) Flavoprotein is rcxluced by the 
coenzymes and oxidized by the cytochrome c-cytochromc oxidase system. 

(4) The iron porphyrin enzyme system, cytochrome c-cytochromc oxidase (indopbenol 
oxidase). The precise arrangement of iron atoms and pyrrol rings is not known. It con- 
stitutes the outermost link in the respiratory chain, being reduced by flavoprotein an<I 
oxidized by oxygen. 

(5) Peroxidase, which oxidizes substrates with hydrogen peroxide, and catalase which 
breaks down hydrogen peroxide to water and oxygen, appear to be set somewhfit apart 
from the other respiratory enzymes and their function is but poorly underskxxL 

« For a detailed discussion see Elvehjem and Wilson: Kespiralory Enzymes. Ibirgess 
Publishing Co., Minneapolis. 1939. 
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It is to be understood that the “system” represented by these respira- 
tory enzymes is undoubtedly an incomplete picture of the respiratory 
processes of the living cell, and at the same time to a certain extent a gen- 
eralization. Coupled oxidation-reduction reactions among metabolites, in- 
cluding intramolecular oxidation and dismutation referred to above, not 
only occur but are of considerable importance in certain cases such as 
that of the butyl alcohol-acetone fermentation. Furthermore, any cellular 
component which may be reversibly oxidized and reduced must be sus- 
pected of respiratory function; these include some of the bacterial pig- 
ments, glutathione, cystine, and others. 

Oxidation-ReduLction Potential.® — It is evident from the foregoing 
discussion of anaerobic oxidations and outline of hydrogen transport 
mechanisms that the terms oxidation and reduction do not necessarily 
refer to reactions in which oxygen plays a part. In fact, in most biological 
oxidations the participation of oxygen is, in a sense, incidental to the process. 

It continues to be customary in biochemistry to refer to hydrogen trans- 
port, i.e., the removal and addition of hydrogen atoms as indicated above. 
It is more precise, however, to speak of electron transfer. This will be ob- 
vious from consideration of the oxidation of an ion, such as the oxidation 
of iron from the ferrous to the ferric state. Here one electron is removed 
from the outer orbit and, through removal of one unit negative charge, 
the charge of the ion is altered from -f -f- to -j- + + and the valence changed 
from two to three, since it is now possible for the ion to share three instead 
of two electrons with another ion. Since the flow of electrons constitutes 
an electric current, it is possible to measure reducing intensity or electron- 
escaping tendency (fugacity) of a system by measuring the electron pres- 
sure or electric potential. This may be carried out in practice by immersing 
an inert metallic electrode in the reaction mixture; electrons set free from 
ions may enter the electrode, or electrons may leave the electrode to com- 
bine with ions in the solution. It will be clear that this is a measure of 
reducing intensity, not of reducing capacity. 

Such a potential must have some reference point and that adopted for 
oxidation-reduction potential ig the potential of the normal hydrogen elec- 
trode. That is to say, the potential of an inert electrode immersed in a 
solution of pH 0 in equilibrium with one atmosphere of hydrogen is taken 
as zero. The oxidation-reduction potential is designated by the symbol Eh- 
It may be noted that the oxygen electrode is purely hypothetical. 

Let us consider the precise definition of Eh as given by the general elec- 
trode equation, without reference to its derivation.*^ The relationship is: 






[ox] 

[red] 


Eh and Eo are measured in volts, R is 8.31507 volt coulombs, T is absolute 
temperature, F is 96,500 coulombs, and n is the number of electrons in- 


® For a general discussion appropriate here see Hewitt: Oxidation-Reduction Potentials 
in Bacteriology and Biochemistry, 4th ed. London County Council. P. S. King & Son, Ltd. 
London. 1936. 

^ Clark: Pub. Health Repts., 1923, 5^:443. This and nine additional papers on oxida- 
tion-reduction studies are contained in Hygienic Laboratory Bulletin No. 151, 1928. 
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volved in the oxidation-reduction reaction. In a f^iven ^>sl(■^n iIk' nnndxa' 
of electrons is constant and when that system is maintained at a <-onstant 

temperature, — -becomes a constant. Thus, if assume a syslem in 
nF 

which two electrons are involved at 30^ C. and (‘onverl to firi^^sian loj^- 
arithms, the expression becomes: 

Eh = Eo -i- 0.0:5 1 <>K 

It is apparent from this that the potential is a function of It.,, a (xm, slant 
for the system, and the ratio of the concentrations of oxidized to isslueed 
form of the compound. When these concentrations art‘ (Hpial, /.c., wluui 
the system is half oxidized and half reduced, Idius llw systtun 

under consideration may be characterized by the valut' of will 

reduce systems whose Eo is positive to it, and oxidizes systc^ms whos<‘ E„ is 
negative to it. The deviation of Eh from the E<, of l h<^ sysUun is cU^arly a 
function of the relative proportions of oxidized and re(iu(‘<‘(l f<a*nis; wiu*n 
the relative concentration of the oxidized form is higli, (h(‘ potiuilial is 
more positive and vice versa. 

The Effect of pif. — In the above it has been assumed that />! I remains 
constant; if it varies the potential is alfected. Sincje ciillHU' or l>olh of the 
oxidized and reduced forms of the compound are ionized, altia’ation in pH 
changes their relative concentrations by altering ioni<^ (‘(piililiria. Tlie td* 
feet is variable in magnitude, depending ux>on the nundier of tdeidrons 
exchanged and whether ions are created or destroyed. Omitting eonsid(*r- 
ation of detail, it may be pointed out that in, for exampl(\ a systfun in 
which no ions are created or destroyed, the observed potimtial Ihh’ouu's 
increasingly negative with rise in pH at a rate of 30 milliv(»lls per unit 
pH when one electron is involved, 60 millivolts when tluTi^ two (dtH*- 
trons, and so on. Because of this effect, pH must be specified for any vulm^ 
of Eh or else the value is meaningless. Similarly, thc^ of a systian rt^prtv 
sents the potential at which the system is half oxidizinl at pH 0; another 
constant, Eo, may be derived to represent the poUmtial of a half oxidiz(‘d 
system at any specified pH. 

It would be of considerable advantage, especially in biologit^al systems, 
to have a measure of reducing intensity iiidepetKlenl. of (diang(\s"in pH. 
Such a measure was early developed by the derivation of rl 1. 11ns is anal- 
ogous to pH in that it is the logarithm of the rec'iprocal of th(^ hypothi*ti<*a! 
p^tial pressure of hydrogen gas in equilibrium with lh(‘ system. In a 
divalent system at 30® C, for example: 

Eh = 0.03 (rll - 2 pB.) 

Thus, given pH and Eh, rH may be calculated. This meusun^ has bi^en 
criticized on many grounds and it is now generally agrcn^l that its us(^ is 
highly undesirable and should be discontinued. 

Application toBiologicalSystems.— The foregoing treatment of oxidation- 
reduction potential applies only to completely reversible systems. A num- 
ber of biological systems are reversible and electromotively avilxe and 
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therefore susceptible to such analysis. This group includes the hemochro- 
mogens and the hemes such as cytochrome and cytochrome oxidase, the 
flavins, and a number of naturally occurring pigments. A second group is 
made up of the sluggish systems, so-called because of their sluggish be- 
havior at the electrode, which are regarded as only partially electromo- 
tively active. Coenzyme I and the sulfhydryl compounds such as gluta- 
thione and cysteine belong to this group, and the measurement of their 
oxidation-reduction potentials is difficult and generally unsatisfactory. 
Lastly there are those sluggish systems that require enzymatic catalysis, 
the enzymatic oxidation-reduction systems. There are a number of these, 
including succinate-fumarate, lactate-pyruvate, alcohol-acetaldehyde, and 
others. 



Fig. 14. — Diagrammatic representation of the method used in the measurement of re- 
duction potentials developed in bacterial cultures. The culture vessel should contain 
duplicate electrodes and an additional opening for inoculation, removal of samples, etc. 


Unfortunately, perhaps, many of the oxidation-reduction systems in the 
living cell fall into this last group, and undoubtedly there are other sys- 
tems which are not as yet known, as well as still others which are not re- 
versible or only partially so. It becomes very difficult, therefore, to interpret 
potentials produced by the complex system that is the living cell for, 
during active metabolism, a number of systems must be functioning simul- 
taneously. As a matter of fact, it is open to question whether the reducing 
intensities developed should be termed “oxidation-reduction potentials”; 
Conant® has suggested that certain types of potentials measurable by 
velocity of oxidation, even though the systems be irreversible, be called 
“apparent oxidation-reduction potentials.” Probably reduction potential or 
® Conanl: Chem. Rev., '\91l6, 5.T. 
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reducing intensity are the most satisfactory terms for pohmtials developed 
by the actively metabolizing intact cell. It may riobnl tliat those rv- 
actions in which oxygen is evolved, usually as peroxid(N ar(' somewlial 
apart from the type of system treated in elect, r()(‘,h(utu<*al oxidalion”r(xhH-- 
tion theory. 

Reduction Polentials of Bacteria , — The development of r(x!u<‘ing prop<‘r~ 
ties by bacteria is associated with equivalent, eh^ct round ric"; and color- 
imetric changes, indicating that the predominant syst(an or systems ar<‘ 
reversible. The potentials may be developed by l>a<;l(x*ial suspensi<-)ns in 
the presence of added substrate, or during growth in cull.un^; the latt(*r 
state has been by far the more commonly studied. M(‘asur(‘nnmt of (ht‘ 
reducing intensity is made electrometrically, using bright platinum or 
gold-plated platinum electrodes, as the use of indicat or dyes whi(*h (diang«‘ 
color with oxidation or reduction has been unsatisfact<a*y. An arrangiuncmt 
that has been used extensively in the writer’s laboral.ory is illustrated in 
Fig. 14 in diagrammatic form. It is to be noted t hat, tlu^ ha<d<n'ial <nd tur<* 
is a half cell, the standard half cell being a wsatural(xi (‘aUamd (xdl !ier(\ 
though a N/IO calomel or a quinhydrone half cell may l)(‘ uscul. Th<‘ w hole* 
is immersed in a constant temperature bath. With butlVrtHl broth as the 
culture medium, the pH is maintained without significant variat ion. 

The reducing capacity of the bacterial culture is very low, i.c., it is 
poorly poised (analogous to poorly buffered with resp(jel. t-o chang<‘s in /dl), 
and if appreciable amounts of current are passed through tht^ system in 
the measurement of the potential, the electrodcis polarize;, making r(*a<lings 
impossible. It is necessary, therefore, U) insert a high iX'sistamM^ in stories 
with the cell; 10 megohms is satisfactory, ''riie small amount of <nnT(ml 
passed necessitates the use of a highly sensitive null point iuHtrumemt for 
its measurement; the ordinary type of poteuitiorKUder-elecdronudea* with 
vacuum tube amplification is adequate. The calculation of the potential is 
simple: 

liih = Fobs Hh Fsui 

when Fobs is the observed potential and Kh,,i the potent ial of l.h(* Ht,andard 
half cell. Measurements with duplicate electrodes should agre<; within 3 
to 5 millivolts. Measurement of the developing potential may he; made at 
intervals to give a time-potential curve. 

The potential of freshly prepared sterile cultxxre medium <>ft(m shows a 
slight, gradual negative drift. When inoculated with bacteria, how(W(u% 
the potential falls rapidly during the early hours of incubation. Thc^rc^uftca* 
it differs somewhat with the type of bacterium. In the (;ase of tin; obligate* 
anaerobes (see below) it reaches and maintains a very low level, som<*UiiH*s 
approaching or reaching the level of hydrogen overvoltage, i.e., mor(; 
negative than the normal hydrogen elec-trode. Some facailtative aiiacTobes 
such as the colon bacillus reach similar low levels while olhei^s <lo not . A 
point of some interest is that the levels attained and maintained by bac;- 
teria of the Salmonella group are characteristic of specues.^ Other kinds of 
bacteria behave still differently. Pneumococcus cultures, for example, 

® Burrows and Jordan: Jour. Inf. Dis., 1935, 5^.-255; ibid., 1936, 5^:259. 
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show a rapid positive drift after a negative potential has been established ; 
this is probably due to the accumulation of peroxide since it does not occur 
in catalase broth cultures. Representative time-potential corves are given 
in Fig. 15. 

The relation of potential to pH becomes of some significance when the 
pH of the culture changes with incubation, as when a fermentable sugar 
is included in the medium. The effect of changing pH cannot be predicted 
since the functioning oxidation-reduction systems are unknown. This re- 
lationship has been determined experimentally for nutrient broth cultures 
of certain Salmonella species, and the observed relation was very close to 
that of a divalent system with no destruction or creation of ions, i.e,, 60 
millivolts per unit pH.’^ 



Fig. 15. — Time-potential curves illustrating the development of reducing intensities in 
bacterial cultures. Note the rise in potential in pneumococcus cultures in non-catalase- 
containing media resulting from the accumulation of peroxide. The development of 
species-characteristic potentials is apparent. Pneumococcus data from Hewitt, Cf. tetani 
from Gillespie and Rettger, remainder from Burrows and Jordan. 

The Relation of Bacteria to Gaseous Oxygen. — The bacteria differ 
from one another with respect to their relationship to atmospheric oxygen, 
and three groups may be distinguished: 

(1) The Obligate Aerobes . — These bacteria require ready access to air, 
growing only feebly if at all in its absence. Such microorganisms might be 
presumed to be deficient in certain of the respiratory enzymes and unable 
to respire under anaerobic conditions, though there is no proof of this. It 
is also possible that end-products of their anaerobic metabolism are toxic 
to them, or that they cannot metabolize in the presence of strong reducing 
intensities. This group includes such well-known bacteria as the nitrifying 
bacteria, Bacillus subtilis and related forms, the diphtheria bacillus, the 
cholera vibrio and others. 

Burrows: Jour. Inf. Dis., 1942, 7i:l06, 
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(2) The Facultative Anaerobes, — Bacteria ol* ihh ^roup n‘spir(‘ vvil h (^iiial 
facility in the presence or absence of gaseous <)xy^;(ni. In hrolh <‘.ultur<\s 
the dissolved oxygen is soon exhausted and, allc^r a pr(‘Iinnnary period of 
aerobic growth, the culture continues to develop under (‘ssiuitially ana- 
erobic conditions. Such bacteria presumably hav(‘ a full (‘oinphaiunit of 
respiratory enzymes of which they are able to usi^ all or any part. 

(3) The Obligate Anaerobes. — These bacteria are unai)h‘ t<» grow in tiui 
presence of atmospheric oxygen and, in fact, oxygen is ae(iv(*l> toxi(* to 
them; vegetative cells die very quickly upon exposure to air tliough spores 
are highly resistant. Microaerophilic forms whi(^h toU‘rate ytny Itnv e.on» 
centrations of oxygen are usually included in this group. Tht‘se baeltnaa 
are among the few living organisms which hu^k the r<\spiratory pigment 
cytochrome, a fact that is definite evidence of in(^oinpIet.<‘ (nizy mat i<* <‘<|uip- 
ment. These forms might be regarded as having (^arri^Kl (h<‘ proetsss <}f 
adaptive differentiation too far and ended in an (wolut ionary !)lind alltyv 
as have the lungfish. They also show certain p(Muiliarili(‘s in nsspiratory 
metabolism, bringing about mutual oxidation-redm'tion <ir pain‘d amino 
acids, and many species actively metabolize lactic- acid fornn^d in fermen- 
tation with the production of compounds siavh as butyrie arid, Imtyl 
alcohol and acetone. 

The toxicity of atmospheric oxygen to the ol)ligat.c‘. aiuna'obes, howi*V(*r, 
requires further explanation than lack of respiratory (uizynu's whit*h reael 
with oxygen. Two theories have been proposed: 

The Catalase Theory. — This, the earlier theory, is bas<Ml on t discov<*ry 
that certain bacteria produce hydrogen peroxide in amounts suffuniuit to 
be toxic to themselves. In cultures of those spcHiic^s whu^h do not produc(‘ 
catalase and are peroxide-sensitive, peroxide aixuimulaf (‘s and (*ulture 
becomes self-sterilizing ; the pneumococcus is an exarnpl<‘ of (his type* of 
microorganism. Those bacteria which produce c-atalasti (hu'omposc^ t hi* per- 
oxide as it forms and it does not accumulate to toxiii vinmmimihniH. Th<» 
obligate anaerobes are peroxide-sensitive and do not form (uitalase, Ileni i* 
it has been suggested that these organisms form pciroxidi^ ra|)idly in the 
presence of air and therefore oxygen is toxic to them. Although t his thinnyy 
is accepted by some, it entirely lacks supporting evideniie, for all uttemplH 
to demonstrate peroxide in cultures exposed to air have failed. 

The Oxidation- Reduction Potential Theory.— iX has also be<*n proposed 
that the reducing intensity of the medium is the fa(*,tor governing whet inn* 
or not growth will occur. Experimental evideiuic, both direia’- anil in- 
direct,’^ has been presented which indicates that a ci^rtain di^gri*!* of re- 
ducing intensity is essential to the germination of tetanus spia'es; the 
positive limit appears to be about -f 50 millivolts at pH 7.0. U has beim 
suggested that this accounts for the failure of tetanus spores to germinate* 
in healthy tissues in the absence of trauma or secondary infect ion as is 
sometimes observed. Since a sufficient reducing intensity luumot be main- 
tained in the presence of oxygen, oxygen is toxic. It is not cl(*ar why such 

McLeod and Govenlock: Lancet, 1921, i:900. 

12 Knight and Fildes; Biochem. Jour., 1930, 24:1496. 

13 Quastel and Stephenson: Biochem. Jour., 1925, 2(9:1125. 
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a reducing intensity should be required. Possibly some of the respiratory 
enzymes of the obligate anaerobes are oxygen-labile, i.e., active in the 
reduced state and inactive in the oxidized state, as are some of the bac- 
terial hemolysins (p. 178), or perhaps the substrates of some of the en- 
zymes of these organisms are unstable under aerobic conditions. 

THE AUTOTROPHIC BACTERIA 

Of the many types of physiological activity occurring among the bac- 
teria, that of the so-called autotrophes is unique in biochemical physiology. 
The respiratory mechanisms of chemosynthetic organisms are concerned, 
for the most part, with the oxidation of organic molecules. Such organisms 
are generally spoken of as heterotrophes, organisms which are dependent 
upon the organic substances synthesized by other living cells. The auto- 
trophic bacteria, however, derive the energy necessary to their life proc- 
esses from the oxidation of inorganic compounds of nitrogen, sulfur and 
iron, and obtain nitrogen from ammonium salts and carbon from carbon- 
ate or carbon dioxide. 

The Nitrifying Bacteria. — Of the autotrophic bacteria perhaps the 
most important single group is that of the microorganisms, discovered by 
Winogradsky in 1890, which oxidize ammonia to nitrite and nitrite to 
nitrate. The species of bacteria concerned are Nitrosomonas and Nitro- 
sococcus (so-called because their cultures give the nitroso reaction in the 
qualitative test for nitrite) which bring about the reaction: 

NHs > ’■NO2 

and Nitrohacter which brings about the reaction: 

“NO2 > -NOs 

These equations represent the entire respiratory mechanism oj these organisms; 
not only do they not oxidize organic material but organic substances are 
actually toxic to them and in any but minute concentrations completely 
inhibit growth. It has been shown, however, that they carry on an en- 
dogenous metabolism, presumably of intracellular organic matter.^® 

The relative simplicity of the respiratory mechanisms of these two^ spe- 
cies of nitrifying bacteria has made possible a reliable determination of 
the free energy efliciency of these organisms. The ratio of nitrogen oxidized 
to carbon fixed as protoplasm has been found to be 35 for Nitrosomonas 
and 135 for Nitrohacter. Assuming the energy consumed in the synthesis 
of protoplasm to approximate that of the reduction of carbon dioxide to 
hexose, the efficiency of Nitrohacter becomes 7.8 per cent and that of Nitro- 
somonas 5.9 per cent.^® Presumably, then, about 95 per cent of the energy 

For example, 0.015 M glucose completely inhibits Nitrohacter in liquid media and 
somewhat higher concentrations, 0.2 per cent, are necessary to inhibit growth in sand 
media or soil. (Coleman: Gentralbl. f. Bakt., 1908, Abt. II, 20:401, 485.) 

Bomecke: Arch. f. MikrobioL, 1939, 10:385. 

Calculated on a free energy rather than heat of combustion basis. Cf. Bass-Becking 
and Parks: Energy Relations in the Metabolism of Autotrophic Bacteria. Physiol, Rev., 
1927, 7:85. 
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liberated should appear as heat, and expcrinienl has shown Ihis to be tru<\ 
As machines, thei’efore, the nitrifying bacteria are not highly eflitiinit. 

The actual process of oxidation is entirely uiikiHnvn: if has betm sug^ 
gested that hydroxylamine and hyponitrous acid may Ih‘ irdermetliales. 
but there is no evidence for this. There is sona^ tluil haanalde^ 

hyde is an intermediate in the reduction of (iarbomift^ lo pr<»loplasin.^ ' 

The organisms may be isolated by the iiuxuilal ion of inimanl salt solu- 
tions with soil, the nutriment being carbonalc and an anunoniuni salt in 
the case of Nitrosomonas and Nitrosococcan and t‘arb(»nat(* and nitrile tor 
Nitrohacter. Isolation by the usual pour pUilr punMudlurt* inetlio<ls is 
difficult if not impossible, but colonics may b(^ se<‘ur(Hl by iiKwmlating sili<*a 
gel plates from the enrichment cultures. Nifnmmiooos grows in mi<*ro- 
scopic, colorless colonies which turn brown on contiinuHl inouhation, w liilc 
Nitrohacter produces somewhat larger colonicvS, light hr<»wn in (*oIor. 

The oxidation of ammonia is brought about nol by n singh* Hpta ies of 
bacterium but rather by a group of cJosely ndalt^d organisms. Nilrth 
somonas europa, found in western Europe, is a ('()<uM>ba(uIluB about 1.5 by 
1.0 lUL and exists in two forms, one a zoogle^i of clostdy pat'kt'd cadis and 
the other an actively motile swarming (rnonas) stag(^ in whicdi (»a<*h <s»II 
has a single flagellum. Morphologically similar organisms have been found 
in this country and elsewhere, although in s<>nu‘. (•.ast‘s oiu^ stage appears 
to predominate over the other to such a degrc'c that some might be taken 
to be different organisms. Coccus forms, givem th(‘ g<‘n<‘ric name NUra- 
sococcus, have also been isolated in various parts of th(^ world. A numbtH* 
of species have been reported which some workers group uiuler th<‘ single 
head of Nitrosococcus nitrosus. These organisms arr. all gram-posit ive, obli- 
gate aerobes. The nitrite oxidizing organisms app(uvr lo b(^ vSomewhat more 
homogeneous. All are rod-shaped, 1.0 by 0.3 to 0.4 g in size, with om* or 
both ends pointed, non-motile and gram-negative or gram-i)osi(ive. N<dt her 
Nitrohacter nor the ammonia oxidizing organisms form spores. 

The Sulfur Bacteria. — The group of autotrophic^ baederia that derive 
their energy from the oxidation of sulfur and its compouruls is, both mor- 
phologically and physiologically, somewhat more (!omplex than that 
comprising the nitrifying organisms. Some of the organisms, the filamen- 
tous-forms, are more closely related to the lower fungi than are tin* so- 
called “true bacteria.” Beggiatoa, one of the common forms, shows a <*loHt* 
resemblance to the blue-green alga Oscillaria, Others, suc'h as Thiolmeillus, 
are morphologically indistinguishable from the usual bacd.c^ria. In all tbrea* 
morphological groups may be observed: 

(1) The thread-forming, filamentous forms usually rc'garded as “higher 
bacteria” which accumulate sulfur granules within lius cells. Tlu'ee 
genera are ordinarily included in this group: Beggiaioa, Thioihrix and 
Thioplaca. 

(2) Non-thread-forming organisms existing in a numbcT of forms ami 
including such genera as Thiohacillus, Thiospir ilium, Thiotmlum, Achroma- 
tium, etc. Thiohacillus is often separated from the other organisms on the 
basis of the failure to accumulate sulfur granules within the (jells. 

Klein and Svolba: Ztschr. f. Bot., 1926, 19:6r>. 
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(3) The purple and green sulfur bacteria, which differ from the other 
two groups in that they are pigmented, the pigments making possible a 
photosynthetic metabolism. 

The sulfur bacteria are widely distributed over the earth and are com- 
monly found in the water of sulfur springs, in sewage-laden streams, in 
swamps where masses of vegetable matter are undergoing slow decom- 
position and, in fact, wherever sulfur and hydrogen sulfide are present. 
Whether such organisms bear any relation to the laying down of sulfur 
deposits is uncertain. It has been suggested that possibly gypsum deposits 
may have resulted from the microbial oxidation of sulfur to sulfate neu- 
tralized by calcium salts present in the earth. 

The Sulfide Bacteria, — The oxidation of sulfur compounds by these or- 
ganisms proceeds through a series of stages. The so-called sulfide bac- 
teria,” including the filamentous forms, derive their energy primarily 
through the oxidation of hydrogen sulfide to elementary sulfur, which is 
deposited as granules within the cells: 


HivS + 34 O2 > H2O -h S 

The reaction is exothermic (because of the simultaneous oxidation of 
hydrogen) and represents the respiratory mechanism of these organisms. 
If the supply of hydrogen sulfide runs low, the organisms further oxidize 
the accumulated sulfur to sulfate : 

S + 134 O2 -h H2O ^ H2SO4 

The Thionic Acid Bacteria, — A second physiological group, called the 
thiosulfate or thionic acid bacteria, obtains its energy primarily through 
the oxidation of thiosulfate, though some members are capable of oxidizing 
elementary sulfur. The obligate autotrophe, Thiohacillus thioparus, is in- 
cluded in this group, together with Thiohacillus denitrificans. Some strains 
of the latter have been found to be obligate autotrophes and also obligate 
anaerobes, growing in the presence of nitrate, while other strains are both 
facultative autotrophes and facultative anaerobes. Thiohacillus thioparus 
accumulates free sulfur outside of the bacterial cells when grown in thio- 
sulfate media and the oxidation is supposed to proceed thus: 

5 Na2S203 -H H2O ■+■ 4 O2 ^ 5 Na2S04 + H2SO4 H- 4 S 

This organism is also able to oxidize sulfide and tetrathionate but oxidizes 
elementary sulfur to sulfate only very slowly. A number of common enteric 
bacilli, however, are able to reduce tetrathionate.^® 

The oxidation of sulfur and reduction of nitrate by Thiohacillus denitrifi 
icans growing under anaerobic conditions proceeds either as : 

5 S -f 6 KNOs + 2 H2O > K2SO4 -h 4 KHSO4 H- 3 N2 

or, in the presence of calcium carbonate, as: 

5 S -f 6 KNO3 -1- 2 CaCOa ^ 3 K2SO4 -h 2 CaS04 + 2 GO2 3 N2 

Pollock, Knox and Gcli: Nature, 194-2, i50:94^. 
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The organism is able to oxidize thiosulfate aiia(‘rohi(‘aIl> iu the presen<r 
of nitrate according to the following reacaioo: 

5 Na 2 S 203 + 8 KNOs + 3 NallGOs > 6 Na2S()4 T K,,S()4 \ » J i H.^t) 

The Sulfur Bacteria.— k third group, the sulfur ha<^l<‘ria, is rapr^sviitinl 
by only one species, Thiohacillus thiooxidatis, which dtTivcs its energy 
primarily through the oxidation of elementary sulfur to sulfate. It is also 
able to oxidize thiosulfate to sulfate, both oxidations pnx c'eding as irnii- 
cated above. This strictly autotrophuj organism is retiiarkahh^ for its t<»b 
erance of high acidities. Sulfuric acid accumulat<‘s in its <‘ultur<‘s as a n^sult 
of the oxidation of sulfur, and normal grow th lakes pla(‘(‘ in comment rat ions 
as high as 0.25 molar, and even 0.5 molar do(ss not <-otnplelely inInhit 
growth. Although a strict autotrophe, Thiohacillus Iftioojruhius is not so 
sensitive to the presence of organic matter as arrj sonte otIuT atitotropht's 
and is even able to decompose glucose'. Th(i breakdown of gluc’ose, Inm e\ er. 
does not appreciably alter the sulfur-carbon ratio (tht^ ratio <»f sulfur <^\i« 
dized to carbon reduced to protoplasm) and apparcmlly the* organism is 
unable to use the energy so made available. It do{‘s, how(*V(a% mctalH»li/,c 
a polysaccharide formed during growth, apparently by a j>ro<*eHS of ph(»S“ 
phorylation.^^ Like the nitrifying bacteria, th(‘se organisms als<» show an 
endogenous respiration, indicated by slow oxygen uptake, indit*ating that 
there is a breakdown of intracellular organic mal (><a’.-‘^ 

Although the influence of light on the metabolism of the purple and 
green sulfur bacteria had been suspected for somci lian^ it is only in re<*(»nt 
years that the photosynthetic character of their physiologi(*al activiti<*s 
has been demonstrated through the work of van Ni<^l.*’ The organisms 
grow under strictly anaerobic conditions in the presc^iu’is of h><lr-og<‘ii sul- 
fide and carbonate. In the absence of oxidizablc sulfur compountls purph* 
sulfur bacteria can develop in the presence of organic*, (‘ompounds undt*r 
completely anaerobic conditions. As iu plants, ]>ho(osynl lu'sis in ha(‘fcTia 
is now interpreted as an oxidation-reduction procu^ss, and may he (‘\prt‘ss<*d 
by the equations : 

4(H20 + light > II -p OH) 

4 H -h CO 2 ^ (GlhO) -h IW 

2(2 OH 4- H 2 /V ^ H 2 O -f A) 

It is to be noted that molecular oxygen is not lil)erattHl and the* pca-oxidt* 
mechanism of green plants is replaced by one in whicdi hydrogc^ii donulors, 
e.g., hydrogen sulfide, regenerate the system. In the pn^stmeu* of <a*gunic 
matter and the absence of hydrogen sulfide, the rcuud-ion is (!oup!c*d with 
dehydrogenase systems. It is suggested by van Niel that the phoiochcmn<‘al 
decomposition of water is the light reaction, while the rediicaion of cuirhon 
dioxide is a dark reaction. The green pigment, known as haeieriochlorm or 
bacteriochlorophyh is a pyrrol pigment with a porphin nu<‘h*us <-ontainirig 

LePage: Arch. Biochem., 1942, 1:25.5; also LePago and Umhmt: Jour. BioL Chi^in., 
1943, 74<X:255. 

2“ Vogler: Jour. Gen. Physiol., 1942, 25:617. 

Cf. the review by van Niel: Advances in Enzymology, 1941, f:263. 
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magnesium, and it is closely related to, though not identical with, green 
plant chlorophyls a and 6. 

A group of organisms known as the non-sulfur purple bacteria contain 
bacteriochlorophyl and are photosynthetic, but differ from the purple 
sulfur bacteria in that the reduction is coupled only with the oxidation of 
organic matter, i.e., they are not facultative autotrophes. They are, there- 
fore, intermediate between the sulfur forms and non-photosynthetic bac- 
teria with a typical oxidative metabolism. Available information concern- 
ing them has been reviewed by van Niel.^^^ 

The bacterial oxidation of sulfur and its compounds is of considerable 
importance in the processes involved in the maintenance of the sulfur 
cycle. As in the case of nitrogen, many bacteria are capable of reducing 
sulfur — the evolution of hydrogen sulfide from decomposing organic 
matter reflects the widespread reduction of sulfur in lieu of oxygen under 
anaerobic conditions — but only a few are able to oxidize it. These organ- 
isms assume considerable practical significance at times, producing cor- 
rosion of metals laid in sulfur-containing clay soils^^ and are sometimes re- 
sponsible for the disintegration of stone and mortar.^^ 

The relative simplicity of the respiratory mechanisms of the sulfur bac- 
teria is in itself of no small general physiological interest, but equal im- 
portance attaches to the fact that these organisms appear to constitute a 
link between the autotrophic organisms and those dependent upon pre- 
formed organic matter through the species that are facultatively auto- 
trophic. Their efficiency is of the same order as that of the nitrifying 
bacteria, i.e., 5 to 8 per cent of the energy made available through the 
oxidation of sulfur and sulfur compounds is utilized in synthesis of cell 
substances. 

The Iron Bacteria. — Certain of the filamentous bacteria are char- 
acterized by deposits of ferric hydroxide in the sheath surrounding the 
filament or, sometimes, within the cell itself. It was early suggested that 
these organisms are able to oxidize ferrous to ferric iron and utilize the 
energy so liberated. It appears, however, that although some of the so- 
called iron bacteria are obligate autotrophes which are dependent upon 
the oxidation of iron as a source of energy, the presence of ferric hydroxide 
is not necessarily indicative of an autotrophic metabolism. One species, 
Spirophyllum ferrugineum, is an obligate autotrophic organism which 
grows in inorganic solutions containing ferrous carbonate. The oxidation 
proceeds according to the following reaction: 

2 FeCOs + 3 H 2 O -1- 3^ O 2 ^ Fe 2 (OH )6 -h 2 CO 2 

The reaction is exothermic but the energy yield is small, about 15 calories 
per mol, and large amounts of carbonate must be oxidized. Some of the 
iron bacteria are also capable of oxidizing manganese salts and precipitate 
manganese hydrates in their cells. 

Other iron bacteria, however, can live without iron and are able to util- 

van Niel: Bact. Rev., 1944, 5:1. 

22 Of. Bunker; Jour. Soc. Chem. Ind., 1939, 55:93. 

23 Gistl: Centralbl. f. Bakt., Abt. IT, Orig., 1940, f 02:486. 
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ize either ferrous carbonate or soluble iron salts of (Mganii; (compounds. 
Still others use organic iron compounds but not inorganic iron sails, 
Harder^^ divides the iron bacteria into three physiologi<‘aI groups: 

(1) those, such as Spirophyllum Jerriigiueiwu that proeipilafe f<a'ri(‘ 
hydroxide from solutions of ferrous carbonate and us(^ the carbon dioxide^ 
liberated and the energy produced during the oxidation for tiu^ir lif(‘ proo 
esses (obligate autotrophes) ; 

(2) those, such as Leptothrix ochracea, that do not require ferrous 
carbonate but that cause the deposition of ferric hydroxid<‘ wheai 
either inorganic or organic iron salts arc present (facultaliv<‘ aulo- 
trophes) ; and 

(3) those, probably including a number of the lower or ordinary waltu* 
and soil bacteria, that attack organic iron salts, using the organic*- acud 
radical as food and precipitating ferric hydroxide or basic r(irri(* salts, 
which are gradually changed to ferric hydroxide (h(d,(‘ro(.roph(‘s). 

The best known of the iron bacteria are the Spirophyllum and Lepiothrijc 
species indicated above and Crenothrix polyspora. These*, organisms som<*- 
times grow in the conduits of certain public water suppli(‘s, wliere* th(*y 
form unpleasant-looking, brownish, llocculent masses, ofteui leading to 
complete stoppage of the pipes. The frequent appearam^e^ of del arheel 
portions of the growth in tap water may give rise to (consternat ion among 
the water consumers, as in the famous “water calami ti(cs” in Berlin, Lille, 
Rotterdam and other places. There is no evidence that vsuch organisms 
are directly harmful. 

There seems little doubt that iron-depositing baccteria have played an 
important part in the formation of iron ore deposits, but the relative share* 
of chemical and biological processes in an individual castj can lx* <h‘ti‘r- 
mined only by a thorough study of conditions at the lime of dteposition, 
especially as regards sedimentation, climate, depth of waiter, naturt* of 
material in solution and other factors. 

The Oxidation of Hydrogen. — The bacterial oxidation of hydrxjgtm 
has already been indicated in the case of the oxidation of hydrogen sullfidt* 
to elementary sulfur. Other organisms, given the generic name Hydrogen 
omonas, are, however, obligate autotrophes which depend upon lh(i oxida- 
tion of hydrogen as a source of energy for synthesis. The lii*st of f best* 
organisms was described in 1906 by Kaserer^s and named Hydrogenonwnas 
pantotropha. Other species were described later, such as Hydrogenornonm 
vitrea and Hydrogenomonas flava. The oxidation of hydrogen : 

H2 -h H O 2 > Ibo 

yields relatively large amounts of energy (34.2 Cal. per gram as cont.rastcxi 
with 4.1 Cal. per gram of starch) and, although it cannot Ix^ accur-a*(‘ly 
measured, the free energy efficiency of these organisms appears to be 
somewhat higher than that of the other autotropluxs, i.e., 10 to 20 p(*r 
cent. 

Harder; U- S, Geological Survey, Professional Paper 113, Washington, 1919. See 
tne review by Dorff: Pflanzenforschung, 1934, Heft 16. 

25 Kaserer; Centralbl. f. Bakt., 1906, Abt. 11, i6:6Sl. 
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It has been suggested that all the hydrogen is not burnt directly by 
these organisms but that a part of it is converted to formaldehyde, which 
may in turn be either oxidized or used for synthesis: 

H2CO3 + 2 H2 > HCHO H- 2 H2O 

, HCHO + O2 > H2CO3 

Although most of the hydrogen bacteria are obligate aerobes, some ai*e 
able to grow anaerobically in the presence of nitrate. Other studies^® have 
shown that other species are present in the soil which are facultative 
autotrophes, being able to live on organic matter in the absence of hydrogen. 

As in the case of the oxidation of iron, the oxidation of hydrogen is 
not conhned to a few species of strict autotrophes. Recent work^’^ has shown 
that a number of welbknown heterotrophic bacteria such as Bacterium 
coli. Bacterium prodigiosum, Bacillus megatherium. Bacillus subtilis, Clos- 
tridium sporogenes, Azotohacter and others are able to use gaseous hydro- 
gen. The enzyme activating molecular hydrogen is named hydrogenase. 
In one case, an organism of the colon-typhoid group, the oxidation of 
hydrogen is accompanied by a reduction of sulfate to sulfide, and possibly 
this reaction may be a general one. 

The Oxidation of Carbon Monoxide. — The bacterial oxidation of 
carbon monoxide, comparable in many respects to the oxidation of hy- 
drogen, was reported by Beijerinck and van Delden.^® These workers 
isolated an organism which they named Bacillus oligocarbophilus, an obli- 
gate autotrophe which grew in the absence of organic carbon compounds 
and obtained its nitrogen from ammonia, ni trite or nitrate. It was later 
shown^® that this organism derived its energy through the oxidation of 
carbon monoxide to carbon dioxide:^® 

CO -f 3^02 ^ CO2 

HETEROTROPHIC BACTERIA 

It is seldom if ever possible to draw sharp lines of demarcation in bi- 
ology, and the separation of bacteria into autotrophic and heterotrophic 
forms being no exception, it must necessarily be to some degree dogmatic. 
It has already been pointed out that some of the sulfur, iron and hydrogen 
bacteria are facultative autotrophes, that they may live through the oxi- 
dation of either inorganic or organic compounds. Such forms may well be 
regarded as connecting links between the two physiological types. A 
somewhat different kind of interconnection is the sharing, between obli- 
gate autotrophes and obligate heterotrophes, of a common oxidative 

Grohman: Gentralbl. f. Bakt., 1924, Abt. II, 6i:2S6; Ruhland: Jahrb. wiss. Bot., 
1924, (?5:321. 

Stephenson and Stickland: Biochem. Jour., 1931, 25:205, 215. 

28 Beijerinck and van Delden: Gentralbl. f. Bakt., 1903, Abt. II, 2:33. 

29 Kaserer: Gentralbl. f. Bakt., 1906, Abt. II, 46:681. 

80 Distilled water standing in the laboratory for long periods may acquire immunologic 
properties presumably owing to the growth of bacteria. Organisms able to develop on am- 
monia and carbon monoxide absorbed from the laboratory air may, in some cases, account 
for such growth on distilled water, a medium which might be supposed to be entirely 
lacking in nutriment. 
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mechanism such as the ability to utilize gaseous hydrogen and, uiuha’ e(‘r- 
tain conditions, the assimilation of carbon dioxides (d<*arly, Uuai, the 
distinction between the two physiological typos is nol a sharp onv <‘V<'n 
though the concepts autotrophe and heterolroplio rcanain <\\trenu‘ly 
useful. 

The Oxidation of Simple Organic Compoiiiuls. A nninher of 
bacteria are able to grow in solutions of inorganic, salts, itK^hiding an am- 
monium salt, which contain but a single organic', compound of on<' or two 
carbon atoms. The isolation of an organism, MeihatioiuouuH rneihuninis, 
which would oxidize methane to carbon dioxide and wah^r was n^ported 
by Sohngen^^ in 1906.^^ Certain other commoti bac^lcria siu'.h as 
onas pyocyanea and Pseudomonas fluorescens^'^ are also able to oxidize 
methane; and one, Bacillus hexacarbovorum, is abh^ to utilize' not only 
methane but toluene, xylol and illumiuathig gas as th<^ sole source's of <*ar- 
bon.^^ Other aliphatic and aromatic hydrocarbons pre'seuit in pedredeaim, 
paraffin oil and similar mixtures are readily used by a lumdx'r <d‘ soil 
bacteria as sources of energy.^® These organisms have bee'U isedalexl on 
media containing n-hexane, naphthenes such as cyclediexane'arul l- 3 dim(jtli- 
ylcyclohexane, or paraffin oil as the only sourcu^ of carl)e)n. Othe'r e>rgaiiisms 
capable of oxidizing phenol to carbon dioxide, pyroeudee^hin to <»\y<|uinon, 
benzol to fatty acids and carbon dioxide, and the like have' ix'e'ii isolateal 
from the soil. Organisms oxidizing the higher aliphal.ie^ compounds have' 
been referred to as paraffmhakierien by some of the^ (hx-mau worke'rs. 

Returning to the oxidation of the simpler compounds, aunt he'r organism. 
Bacillus methylicus, could be gi'owii on the usual Jai)ora(e)ry rtu'eHa and, in 
addition, in solutions of inorganic salts containing formic a<*id, formal- 
dehyde or methyl alcohol. Organisms such as this ur<‘ ofte'n pluce*d with 
the autotrophic bacteria, possibly because it is not geme'rally un<lt'rsto<Kl 
that the ability to grow on solutions of inorganie* salts plius a single* organie' 
carbon compound is one that is possessed by a variet y e>f hed.eu'otre^phie' 
bacteria. One of the acid-fast bacteria has been grown on nu'thyl ah'eehol, 
and a number of bacteria, including the so-c^alled accUc. euful or viiu'gar 
bacteria, will grow on ethyl alcohol as a sole soure.e*, of e^arhon and e*m*rgy. 
A number of the paratyphoid bacilli will grow in the abstajce*- of all organic 
compounds other than acetate^® and certain strains of Frie'dliinde^r’s ba<*i!- 
lus will grow in solutions of inorganic salts and fornuUe.'^^ Sinex' the' ability 
to grow in simple solutions containing inorganie^ salts (ine^luditig an am- 
monium salt) and a single organic carbon compound is one* that is <*omm<m 
Sohngen: Centralbl. f. Bakt., 1906, Abt. II, 15:513. 

32 For more recent studies see Backer: Jour. Biol. Cliem., 1941, 

33 Of. Sohngen: Bot. Centralbl., 1907, It?5:371, and Aiyer: Mem. n<*pt. Agr. India, 
Ghem. Ser., 1920, 5:177. See also Munz: Zur Physiologie der Mvlfmnbakft'rU'n, Dism. 1 lallc, 
1915. 

34 Stdrmer: Jahresb. Ver. togew. Bot., 1907, 5:113. 

3®Bushiiell and Haas: Jour. Bact., 1941, 41:653. Johnson, Goodah^ and 'rurkrvi<di: 
Jour. Cell. & Comp. Physiol., 1942, 19:163; Grant and ZoBcH: Proc. Hoc.. Kxp, Biol. Mint, 
1942, 51:266; Stone, Fenske and White: Jour. Bact., 1942, 44:169. 

38 Braun and Cahn-Bronner: Biochem. Ztschr., 1922, 13i:226 ami 272. StH* also diai 
Dooren de Jong: Diss. Rotterdam, 1926. 

Burrows: unpublished experiments. 
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to a great variety of bacteria usually regarded as heterotrophes, it can 
hardly be regarded as indicative of an autotrophic metabolism. 

The Hydrolysis of Polysaccharides. — Perhaps the richest source of 
energy available to bacteria is the carbohydrate synthesized, for the 
most part, by plants and present in nature in the form of complex poly- 
saccharides such as cellulose, hemicelluloses, pectins, starches and the 
like. Although it has been suggested that the direct oxidation of these 
compounds may occur by bacterial agency, the preponderance of evidence 
indicates that hydrolysis of these substances to their component mono- 
saccharides is an essential preliminary to oxidation. The bacterial fermen- 
tation of di- and polysaccharides such as sucrose, lactose, starch and inulin 
(U)nsists, then, not only of the actual decomposition to carbon dioxide, 
organic acids and the like but also includes a preliminary hydrolysis.^® 
The hydrolyses are exothermic reactions, but the yield of energy is ex- 
tremely small as compared to that made available through the oxidation 
of the component monosaccharides. 

Cellalose .^^ — Although cellulose is the most widely distributed poly- 
saccharide in nature, the ability to bring about its decomposition is pos- 
sessed by only a few organisms. The enzyme cellulase is found in a few 
higher organisms, some snails and a few marine forms, but even the her- 
bivorous animals are dependent upon the presence of cellulose-decomposing 
microorganisms in the intestine for the preliminary decomposition of this 
poly saccharide.^'-^^^ The breakdown of cellulose and the other polysaccharides 
in nature is an essential part of the decomposition of plant residues and 
the consequent returning to the atmosphere of carbon dioxide removed 
through the photosynthetic activities of chlorophyl-containing plants. 
Relatively few species of bacteria are able to decompose cellulose, but 
those that do are widely distributed in the soil and the mud of sea bottoms 
as well as universally in the intestines of herbivorous animals. 

A number of bacteria, both aerobic and anaerobic forms, have been 
isolated which decompose cellulose actively in pure culture. Perhaps the 
best known aerobic organism is a spiral form, Spirocheta cytophaga, which 
occurs in soil in considerable numbers. A large number of other bacteria 
which bring about fhe aerobic decomposition of cellulose have been studied, 
but the identity of many of them is doubtful. The breakdown of cellulose 
by anaerobic bacteria is ordinarily accompanied by further decomposition 
of the glucose so formed to hydrogen and methane in some cases and to 
organic acids and carbon dioxide in others. Some species have been des- 
cribed, such as Bacillus cellulosae dissolvens, which was isolated from hu- 
man feces, but in general these organisms are not well known. Equally 
obscure are the thermophiles which have been isolated from actively fer- 
menting manure heaps. The decomposition of cellulose in nature is largely, 
if not entirely, a process brought about by mixed cultures of bacteria. 

See Kluyver and Custers: Antonie van Leeuwenhoek Jour. Microbiol. <& SeroL, 1940, 
6 ^: 121 . : 

38 See the reviews by Waksman: Bot. Rev., 1940, 6:6^7; Norman and Fuller: Advances 
in Enzymology, 1942, 2.*239. 

3 8" C/, Hastings: Bact, Rev., 1944, ^;235. 
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The hydrolysis of cellulose takes place in two lirsk a hrc^akdowii 

to the disaccharide cellobiose; and, second, the hyflrolysis ol ctdiohiose to 
glucose. These reactions are brought about by two s(^[)ara(<‘ (‘iizynu's, (‘cllu- 
lase and cellobiase respectively, and the decomposition, to <adiobiosi' at 
least, takes place outside the bacterial cell. 

Hemicelluloses and Pectins— In addition to cudlulost^ proper, plant 
tissue contains other polysaccharide material (hisignatcnl as hernictdlulose 
and pectin. Both are hydrolyzed to sugars, including both pentoses ami 
hexoses, and uronic acids. Although hemicelluloses arc decomposcHi in 
nature, largely under the influence of bacteria pr(\s(^n(. in th('^ soil, the 
chemistry of these compounds is largely unknown and, in consc(pnnu'(\ 
little is known of the processes of their dec^omposil.ion.*^^ 

The decomposition of pectin, through the ageiu'.y of tlu^ (^nzynn^ pc(‘- 
tinase, is brought about by a comparatively small numb(*r of sp(^<‘ies of 
anaerobic bacteria. The process itself is of (H)nsid(nabl(^ commercial im- 
portance since these organisms are responsible for the red. ling of flax ami 
hemp and for the rotting of certain fruits and vegetables. Bed ting is ac'- 
complished by submerging flax and hemp in water an<l allowing the plant 
tissue to remain until the dissolution of pectin allows the se^paration of 
the fibers. The organisms responsible for the dee.omposit.ioii of peed in are* 
closely related to the group of anaerobic soil forms, t hej amyled)endtM' group, 
which includes the butyric acid organisms and otlien’s. A numben' of (dhen* 
bacteria, including Lactobacillus, Aerohacilliis, Micrococcus and Ktilcro- 
coccus, decompose pectins."^^ The nature of the proeu\ss of d(HU)mpoHi(ion 
is obscure, though the sugars resulting from hydre)lysis are‘ furthe^r dt‘t‘<au** 
posed to the usual products of sugar oxidation. Fe^w if any of ihe^ pe'td in- 
decomposing bacteria are able to hydrolyze cellulose alse). c.ombination 
of the two properties in a single organism would, of conr8(i, result in the 
decomposition of the flax fibers freed by hydrolysivS of thr; ptnd im 

Starch . — Unlike cellulose, starch may be broken down by a wi<h^ varied y 
of living organisms, and the extracellular enzyme diastaw% or amylasti, is 
possessed by many bacteria. Like cellulose, however, starch is hy(iroIyz(!d 
in two stages, first to the disaccharide maltose and, scH’ond, by a further 
hydrolysis to glucose. The ability of a given organism to hydrolyzes standi 
has acquired an importance equal to sugar fermentations as a eiiffen'enf ial 
character in the study of some bacteria. 

Miscellaneous Polysaccharides. — K wide variety of gxims and mmdl- 
aginous substances, polymers designated as pentosans, Icvulans, galaeduns 
and the like according to the nature of the products of their hydrolysis, 
may be decomposed by bacteria. Polysaccharides of ba(d.(^rial origin, smdi 
as pneumococcus polysaccharide, may be decomposed by othiir Imcivrm 
(p. 349), and bacteria have been found^^ which hydrolyze agar, a poly sac*- 
charide resistant to the action of the great majority of bacteria. 


Waksman; Humus. Williams & Wilkins Company. Baltimore. 1936, 

" Werch et at: Jour. Inf. Dis., 1942, 70:2Z1. 

«C/. Gray and Chalmers: Ann. Appl. Bot., 1924, if:324; Lundostad: ContnilhL f, 
Bakt., 1928, Abt. II, 75:321; Nichols: Centralbl. f. Bakt., 1933, Abt. 11, 8H:in. SUmitT: 
Jour. Back, 1944, 42: 572. 
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The Oxidation of Carbohydrates. — The ability of bacteria to ferment 
various carbohydrates to organic acids and, sometimes, carbon dioxide 
and hydrogen, has proved to be a valuable means of differentiating these 
organisms from one another. In ordinary description it is customary to 
state that the typhoid bacillus, for example, does not ferment lactose, 
that Staphylococcus aureus ferments lactose with the production of acid, 
and that Bacterium coli ferments lactose with the production of acid and 
gas. 

The term “fermentation’’ has been used, and to some extent is still 
used, to express various conceptions. The tendency at present is to limit 
it to the disintegration of caibohydrate substances, and there are some 
who would go so far as to consider as true fermentations only those carbo- 
hydrate decompositions in which gas is produced, a virtual reversion to 
the old etymological signification (fervere, to boil). Generally, however, a 
carbohydrate oxidized to acids, with or without the evolution of gas, is 
said to be fermented. It may be noted that proteolytic action is not usu- 
ally denoted as fermentation, though logically the putrefaction of protein 
substances by bacterial agency falls in the same category with the decom- 
position of sugar by these microorganisms. 

Many organisms are unable to oxidize monosaccharides other than 
hexoses, but a variety of sugars, including pentoses and a series of higher 
polyhydric alcohols, can be fermented by bacteria. Most microorganisms 
display a high degree of specificity with regard to the optical activity of 
fermentable sugars. Ordinarily the naturally occurring form is actively 
fermented, while the isomer is fermented only slowly if at all; but this 
does not always hold true. The resolution of racemic mixtures of oxidiz- 
able compounds is not infrequently accomplished by differential fermen- 
tation; Pasteur, it will be recalled, separated the dextro and levo forms of 
tartaric acid by the fermentation and consequent destruction of one form 
by a mold. 

The end products of the bacterial oxidation of carbohydrates include 
the non-volatile acid lactic acid, various volatile acids such as formic, 
acetic, propionic and butyric acids, ethyl alcohol, acetone, butyl alcohol, 
glycerol, acetylmethylcarbinol, 2,3-butylene glycol, carbon dioxide and 
hydrogen. The kind and quantity of oxidation products that accumulate 
in a fermenting mixture depend upon the species of bacterium bringing 
about the fermentation and the conditions under which the decomposi- 
tion occurs, such as acidity and the like. Most of the disease-producing 
bacteria decompose carbohydrate to lactic, formic and acetic acids to- 
gether with a small amount of ethyl alcohol, and with or without the 
evolution of gas which may be hydrogen or carbon dioxide or a mixture of 
both. The higher volatile acids, acetone, glycol and similar compounds are 
usually associated with the fermentations brought about by soil bacteria. 
Glucose may be oxidized by bacteria which do not ferment it, and some 
have distinguished the process of oxidation from that of fermentation.'*® 

The obvious questions that arise in connection with fermentations 
are concerned with the way in which decomposition may occur to give 
Barron and Fricdemann: Jour. Biol. Chem., 1941, f 57:593. 
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rise to the observed end products. Knowledge of l\w in<H‘}ianistns opera- 
tive in the bacterial decomposition ot carhohydra((\s is (‘xinanely frag- 
mentary at the present time. The alcoholic {‘ernuailal ion of glueos<‘ by 
yeast is, however, relatively well understood. Available (‘vi<l(‘ne(* indieaUxs 
that the microbial decomposition of sugars is probably of lh<* sain<‘ g<m(‘ral 
order and, in the present instance is, perhaps, best approached through a 
consideration of the mechanisms of the alcoliolio rernuadalion followed 
hy a discussion of the probable means by which the <)bs(a v(‘d products 
of bacterial fermentation arise. 

The alcoholic fermentation proceeds in the following mamua’: 

(1) The first step in the decomposition is the phosphorylation of ghi<‘o,se 
by adenyl pyrophosphate: 


CHs.COH.CHOH.CHOH.CH.Cth 
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The function of the adenyl pyrophosphate is of particular interest in 
connection with the relatively large amounts of niielc'ie a<n(l fouml in th*^ 
bacterial cell and in the quantitative prodoininancc' of adcuiiiu' ov(u- th<^ 
other bases present. 

(2) The hexose diphosphate is split into two throe-curhoii int.ern)C(Hat<‘.s 
or so-called triose phosphates : 


CH 2 .COH.CHOH.CHOH.CH.CH. 
HjPO^i ^ O 1 (*)• 


o 

hexose diphosphate 


POallj 


CtMtll.C.O.t'.Hj 

2 j 


lltPiU 
d ihydroxyace/one phosphate 


(3) The dihydroxyacetone phosphate so formed then rc'uets with acetal- 
dehyde, the former being oxidized to 3-phosphoglycorio acid an<t lh<i lat l<‘r 
reduced to ethyl alcohol : 



The Oxidation of Carbohydrates 


iUi) 
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(4) Hie 3“phosphoglyceric acid is converted to 2-phosphoglyceric acid: 

COOH.CHOH.GH2 GOOH.CH.CH2OH 

H.POsi ApOsHs 

3-phosphoglyceric acid 2-phosphoglyceric acid 

(5) Whi<‘.h is then converted to phosphopyruvic acid: 

GOOH.GH.GH2OH -HOH C 00 H.C=CH 2 
I > I 

OPO3H2 OPO3H2 

2-phosphoglyceric acid phosphopyruvic acid 

(6) The latter gives up its phosphate to adenylic acid, thereby regen- 
erating adenyl pyrophosphate, and liberating pyruvic acid end which 
exists in equilibrium with pyruvic acid: 

CH 2 =G. 00 H 

I -|- aclenylic acid > adenyl pyropliosphate 

OPO3H2 

+ GH 2 =G 0 H.C 00 H ^ CHsCO.GOOH 


(7) Pyruvic acid is then decomposed to carbon dioxide and acetal- 
dehyde, the latter becoming available for reaction with dihydroxy acetone 
as in (3): 

CH3COCOOH > CH3CHO -f CO2 


Clearly, then, the alcoholic fermentation is a cyclic process in which 
glucose is consumed and alcohol and carbon dioxide given off. The actual 
process is very likely somewhat more complex than indicated here; some 
of the reactions, for example, probably involve as yet unknown inter- 
mediates. As it stands, however, the proposed mechanism rests upon a 
firm expei'imental foundation; most of the intermediate compounds indi- 
cated have been isolated and some have been made available synthetically.^^ 
The mechanism developed for the alcoholic fermentation fails to account 
for the presence of many of the end products of bacterial fermentations. 
It seems probable, however, that many bacterial fermentations involve a 
preliminary phosphorylation followed by breakdown into three-carbon 
compounds which are, in turn, precursors of the organic acids and other 
compounds formed. It should be noted that other schemes have been de- 
veloped, particularly by Neuberg,^® and it is likely that the means by 
which some bacteria oxidize carbohydrates differ from the above mech- 
anism in a number of respects. It is not entirely certain, for example, that 
phosphorylation is an inevitable preliminary to further breakdown ; in the 

For details see the reviews by Nord: Chem. Rev., 1940, 2^:423; and by Meyerhof: 
Wallerstein Lab. Communic., 1942, 5:181. 

Cf. Harden: Alcoholic Fermentation. Longmans, Green and Co. London. 1932. Also 
Sehoen: Le problhme des fermerilat ions. Masson et Cie. Paris. 1926. 
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fermentation of three and four carbon componiuLs su<‘h as fumaric 

and tartario acids, phosphate is apparently xiot involved. position of 
methyl glyoxal in the fermentation of hexoses is anomalons, and the wididy 
ocenrring enzyme glyoxalase'^^’ (which converLs aldeliydes into thc^ <*orres- 
ponding hydroxy acids) does not fit into many of the eairrtait eotuH'pts <d* 
the mechanism of sugar oxidation. In spite of an imposing array <d’ <‘vi- 
dence, the fundamental questions regarding the mecdianisrns of (ho bio- 
logical oxidation of carbohydrate are answered at l)os(, in a piect‘nu*al 
fashion. It will not be surprising, therefore, that pr<xa*s<^ informntuni vim- 
cerning the bacterial fermentations is, for the most, part, lacking and 
postulated mechanisms are often hardly more than hypot lueses. 

The hexose molecule, whether present as such or resulting from the 
hydrolysis of a polysaccharide, is split, probably as a phosphoric aci<l <^ster, 
into two three-carbon compounds. Although one of the trios(^ pli(>sphatc*s 
may break down directly to ethyl alcohol as in the yc^asl, haimaitat ion, a 
three-carbon compound, currently supposed to be pyruvic^ aend but, in the 
older literature methyl glyoxal, is formed whicli serv(\s as a pr<Hairs<*>r of 
the end products formed by various species of baca<a'ia. 

Lactic Acid . — The lactic acid fermentation is a coimmaj oiu\ Probably 
the great majority of bacteria form some lactic acid, whih^ Koin(\ such as 
Streptococcus lactis, the lactobacilli and some of tlui pathogtmi<‘ <’occus 
forms as the hemolytic streptococci and the gonoco(‘,c,us and piuaimo<*(H’ctis, 
produce large amounts of this acid from glucose. Althougli theoretically 
one of the simplest fermentations, it is one of the huist nnd(a\s(ood, Tlu» 
two more obvious possibilities are each supported in som<^ dt^grtv by ex- 
perimental evidence. One, the conversion of methyl glyoxal to a<*id 

under the influence of glyoxalase 

HOH 

CH3.c0.cH0 ^ cii3.cnoit.co()H 

by the addition of water or through a rearrang(anent of the hy<lrati*d 
form, is not unlikely. A second possibility is the rcdu(5tion of pyrtivic acid 

2 H 

CH3.c0.c00n . Cl Fa-Ci loi r.( a >( ) 1 1 

There is some evidence that this reduction may he coupled with the oxi- 
dation of triose phosphate to 3-phosphoglyccric acud in muscle tissue, but 
there is no evidence of this particular coupling in bacterial fermentations. 

Formic Acid.— Formic acid may result from the dismutation <^f |>yruvi<t 
acid with the simultaneous production of acetic acid 

HOH 

CH3.CO.COOH > CH3COOIX 4- HCOOH 

or from methyl glyoxal with the concurrent formation of acetal<lehyde as 
postulated in some of the earlier schemes 

HOH 

CHa-CO.CHO > GHa-GHO + HCOOH 

T ^^tdation and Reduction in the Animal Body. UmgratujH. ikmn nmi iUt 

London. 1922. 
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or it may arise as a result of the oxidation of acetic acid 

2 O 

GH3.COOH > 2 HCOOH 

There is no conclusive evidence, however, as to the immediate precursors 
of formic acid, nor with regard to the mechanisms of its formation. More 
recently it has been shown that carbon dioxide may be reduced with gase- 
ous hydrogen by some of those bacteria which activate hydrogen, or by 
some hydrogen carrier in the case of bacteria lacking hydrogenase, viz.: 

CO2 + H2 > HCOOH 

CO2 + 2 HA ^ HCOOH 2 A 

Possibly all of the mechanisms indicated may be operative, perhaps more 
than one simultaneously in a given fermentation. 

Acetic Acid . — Acetic acid may be formed by the dismutation of acetal- 
dehyde 

HOH 

CHs.CHO ► CH3.COOH -}- CH3.CH2.OH 

with the concurrent formation of ethyl alcohol, a reaction which is known 
to be brought about by a number of bacteria; or it may be formed from 
pyruvic acid together with formic acid as noted above. The direct oxida- 
tion of pyruvic acid to acetic acid and carbon dioxide 

O 

CH3.CO.COOH CH3.COOH + GO2 

has also been demonstrated. The formation of acetic acid is, of course, the 
basis of the so-called vinegar fermentation and is of considerable practical 
importance. 

Propionic Acid . — Some bacteria, the so-called propionic acid organisms, 
ferment hexoses to predominantly propionic and acetic acids. The inter- 
mediate compound here appears to be lactic acid which is reduced to pro- 
pionic acid, and acetic acid is formed via pyruvic acid and acetaldehyde 

-2 H 

CH3.GHOH.GOOH > CH3.CO.COOH 

CHs.CO.COOH > CH3.CHO -h CO2 

O 

CH3CHO > GH3COOH 

2 H 

CH3.CHOH.COOH > CH3.CH2.COOH -1- H2O 

Butyric Acid . — The fermentation of six-carbon sugars to four-carbon 
compounds is of no little interest in that the question arises as to whether 
the six-carbon chain is split into two- and four-carbon intermediates or 
whether a condensation occurs which will give rise to a four-carbon end 
product. It seems established that a condensation does take place, prob- 
ably between two molecules of acetaldehyde 

2 CH3CHO ^ CH3.CHOH.CH2.GHO > 

CH3.CH=iCH.GH(OH)2 CH3.GH2.CH2.COOH 

For a general consideration see Vaughn: Wallerstein Lah. Communic 1942 , 5 : 5 . 



106 Bacterial Physiology 

and in the case of this particular fermentation no uiici|iial split liiiK ol llu' 

hexose carbon chain occurs. 

Butyl Alcohol and Acetone.— Bxily vie acid is usually acc‘oui{iariu‘(f by 
butyl alcohol, from which it arises by reduct ion 

4 H 

CH3.GH2.CH2.COOH GHs.CHa.CUb.C’lbOH } HoO 

The production of four-carbon compounds such as butyl ulcoliol and 
butyric acid is often associated with the formation ol iwotouo. 11m ori|.?in 
of acetone in these fermentations is of parlicudar inU‘r(‘st, and of no vsmail 
commercial importance. In some cases acetone may ht‘ f<H*m(‘d through 
the condensation of two molecules of a<K^(i(^ add l(>lIovv(‘d !>> (b»car- 
boxylation 

2 CH3.COOH > CH3.C(OH)2.CH2.COOH > 

CH 8 .CO.Gn...CO()tt — .CH.vCitClIa I Cih 

or, in other cases, acetaldehyde appears to Ix^- th(‘. pr<‘cursoi\ acctoiu' aris- 
ing through an aldol condensation 

0 2 H 

2 CHs.CHO > CI-b.CHOH.CHa.CHO > CH 2 .CnC)lb<:H...( UK )H 

cib.co.GH2.coo1 1 - ^ ( :i b.< :< Ki :i b. i < u 

The series of oxidations is balanced by simidtarH'ous r<‘duction of acetal- 
dehyde to ethyl alcohol. 

Succinic Acid . — The fermentative formation of su(‘dnic a<‘i<b like (he 
butyric fermentation, involves the production of a rour-(^arbon (‘on^pouud. 
The mechanisms of this fermentation arc <)bs<;ur(‘. It has Ixnm suKgt‘stcd, 
on the basis of a certain amount of experimental pvuioiicp, that KU<*<’inic 
acid arises through a cleavage of the hexose mol(x*uh‘ into two« ami ban*- 
carbon compounds which are the precursors of siuxunic* nu<l ac<‘tt<‘ a<‘tds 
and ethyl alcohol. This is not possible, however, wluai siuxauic acid is 
formed by the fermentation of glycerol, as by th(‘, propionic* acid hucacTia. 
Here it has been established (see p. 125) that suednic- add is foninal by a 
condensation of carbon dioxide with a three-carbon inl(irm(‘diat<\ pcjssibly 
pyruvic acid or a derivative such as the phosphates 11 h‘ demonstration of 
the heterotrophic assimilation of carbon dioxides is of primary imjaa tanccs 
and since it was first established by Wood and Werkman in the formation 
of succinic acid by bacteria, it has been found to oc-cnir <‘V(‘u among hightu- 
organisms. 

Ethyl Alcohol . — Experimental evidence indi(;alcs (hat alcohol may he 
formed in a variety of ways. The direct origin from a Iriose* pliosphatc* in 
the yeast fermentation has already been pointed out. In badcrial fiuamai- 
tations, however, the immediate precursor of akxihol is probably moBt 
often acetaldehyde. The reduction of acetaldehyde to al(x>hol in tim mm- 
tone fermentation probably occurs, and it is often formed through a dis- 
mutation of acetaldehyde to alcohol and acetic a(vid, 

Acetylmethylcarbinol (Acetoin) and 2,3-Butylene Glycol T\m formation 
of acetylmethylcarbinol by Bacterium aerogenes <5onstitut.(iB an im|)ortani 
differential character which separates these organisms from Bacterium eoli 
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(p. 375). It is probable that this compound is formed through a direct 
condensation of two molecules of acetaldehyde 

2 CHs.CHO > CH3.CHOH.CO.CH3 

under the influence of an enzyme possessed by aerogenes but not by coli. 
Under reducing conditions the compound is reduced to 2,3-butylene glycol 
or, rarely, it may be oxidized to diacetyl. 

Hydrogen. — The gas of the “acid and gas” bacterial fermentations 
consists of hydrogen and carbon dioxide, the proportions of which are 
sometimes of differential significance (p. 375). Carbon dioxide may arise 
in a number of ways during the course of fermentation as already indi- 
cated. The production of hydrogen is, however, generally associated with 
the formation of formic acid, which decomposes to carbon dioxide and 
hydrogen 

HCOOH > CO2 + H2 

and presumably formic acid is the immediate precursor of hydrogen gas 
in most bacterial fermentations.^® 

Tlie fermentation of sugars other than hexoses, organic acids, and 
alcohols results in the formation of acids and, sometimes, gases; but, for 
the most part, the mechanisms involved in these decompositions are un- 
known. Certain fragmentary observations aie available, such as those of 
Kay, who showed that when mannitol, glucose, glucuronic acid, gly- 
curonic acid and saccharic acid are fermented by Bacterium coli, the yields 
of the more oxidized products (acetic and succinic acids) rise and those 
of the reduced product (ethyl alcohol) fall as one proceeds from the re- 
duced substrate mannitol to the more highly oxidized saccharic acid. The 
fermentation of glycerol by this same organism has been found^*^ to yield 
much the same end products as the fermentation of glucose. Similarly, the 
fermentation of the four-carbon acids, malic, tartaric and fumaric acids, 
by Bacterium aerogenes gives rise to the same products as the glucose fer- 
mentation;®^ the fermentation apparently proceeds via oxalacetic acid, 
which is decarboxylated to pyruvic acid. 

The oxidation of ethyl alcohol to acetic acid through the agency ot the 
acetic acid bacteria constitutes the so-called vinegar fermentation. Actu- 
ally the process is not a fermentation in the usual sense but rather a spe- 
cific partial oxidation and according to Quastel and Webley®^ is dependent 
upon the presence of thiamin. A vai'iety of strictly aerobic forms, differing 
from one another to some degree but nevertheless closely related, have 
been described under the names of Bacterium xylinum, Bacterium orleanense. 
Bacterium aceti. Bacterium pasteurianum (not to be confused with the 
anaerobic nitrogen fixer, Clostridium pastor ianum) , Bacterium ascendens, 
etc. The oxidation may proceed directly 

CHs-CHa.OH H- O2 ^ CH3.COOH -h H2O 

48 Hydrogen may also arise in the decomposition of amino acids. 

4 ^ Klay: Biochem. Jour., 1926, 2(9:231. 

so Braak: Diss. Delft, 1928. 

61 Barker: Kon. Akad. Weten. Amsterdam, 1936, 39 : 1 . 

62 Quastel and Webley: Biochem. Jour., 1941, 35 : 192 . 
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or by oxidation to acetaldehyde followed by a Cannizzaro n^ixcium 

GHs-CHeOir (Jl3.<:n,.OH 

N 

GH3.CH2.OH ^ CH2.CHO CH3.CIK) i^U\ 

\ X 

GIJ3.GOOH GHa.COOH 

Investigation has indicaLed that the oxidation ofelfiyf alcolnd to ucmMic 
acid is but one of the oxidations these organisms an' ahl<' lo bring aboiU ; 
most of them are able to oxidize a number of alcohols lo th(‘ (‘orrespond- 
ing acids. 

Summary. — A number of facts become clear from (his hri(d‘and sJip(*r- 
ficial survey of the bacterial fermenLation of sugars. Most obvious, p<'r- 
baps, is the variety of mechanisms which appear to op(a‘a(<\ AlUjough a 
certain continuity runs through the biological oxidation of (’arl>ohydratcs, 
bacteria are capable of a great number of varialiofjs upon this (‘(UJlral 
theme — another manifestation of the physiological Ih'xihility of lh(*st‘ 
organisms. It is not possible, therelure, to develop a singles sclumu' \vhi<‘h 
will describe bacterial fermentations; oacdi baclerial species <u)nstitut(\s a 
special case, and even a single organism may mak(i us(‘ of mor<i than one 
mechanism®^ and its fermentation processes ar(i oft.cai an admixturt' of 
several mechanisms. Changes in environmental condit ions whi<‘h favor oiu' 
type of decomposition over another are reflected in dillert'iUH's in t lu' rela- 
tive amounts of the various end products formed.^"'* 

It will be obvious, too, that all these reactions, with a hiw exci'ptions, 
involve the transfer of hydrogen by one or more mcHdianisms, a h'at ure 
common and apparently fundamental to all these biologi(;al pro(a'HH(\s. 
The problem posed by these oxidations is not entirely one of tlu^ nature 
of the intermediate compounds making up the pathway of degradation 
but also one of the mechanisms of hydrogen transport, mechanisms that 
will undoubtedly prove to be highly complex.^® 

The efficiency of the heterotrophic bacteria in the ut ilization of emu’gy 
made available through the oxidation of car boh yd raters is diflicndt to 
determine Avith any great degree of accuracy, but available data indicate 
a somewhat higher efficiency than that of some of the autotrophic forms. 
It is probable that most of these organisms are able to make uses of 25 to 
35 per cent of the energy theoretically available to them. 

The Hydrolysis of Proteins.— The ability to make use of amino acids 
is widespread among the bacteria, with the formation of ('■.ompounds siudi 
as hydrogen sulfide, indol, amines and the like whidi are associated with 
the decomposition of proteins. The ability to hydrolyze native proteins to 
their amino acid constituents is, however, one that is possessed by r<da- 
ti^ly few kinds of bacteria. The limited occurrence of this capability is 
sufficiently marked that it is customary to speak of bacteria as fermen- 
tative or proteolytic in type according to whether carbohydrate oxidation 
or proteolysis characterizes their biochemical activities. 

See Wiggert and Werkman: Biochem. Jour., 1939, 5^:1061. 

See Gunsalas and Niven: Jour, Biol. Chem., 1942, t45:lSl. 

Szent-Gyorgyi: Ztschr. physiol. Chem., 1937, 249:211. 





The Hydrolysis of Proteins 

As compared with knowledge of the proteolytic enzymes of higher 
organisms, very little is known of the bacterial proteases.®® In general 
they appear to be tryptic in nature, i.e., they act in slightly alkaline media, 
whereas in protozoa and probably in fungi, pepsin-like enzymes occur. It 
is probable that a number of proteolytic enzymes are possessed by bac- 
teria analogous to those occurring in higher organisms. Available evidence®'^ 
indicates, for example, that decomposition may be carried to the poly- 
peptide stage by one or more enzymes, while further dissolution is accom- 
plished by means of another enzyme or group of enzymes. 

The bacterial proteases are, for the most part, extracellular enzymes 
which are diffused into the medium and are present in sterile filtrates of 
cultures. Presumably protein molecules are too large to diffuse into the 
bacterial cell and are partially hydrolyzed outside. Split products prob- 
ably diffuse into the cell to be further decomposed. Intracellular bacterial 
proteases have, however, been found.®® 

Of the bacterial enzymes the proteases appear to be the most markedly 
affected by the medium upon which the organisms producing them are 
grown. Chief among the factors influencing their production is the nitrog- 
enous material present in the medium; in general, highly active filtrates 
may be obtained only from cultures in protein-containing media, although 
the detection of proteolytic activity in cultures grown in some of the so- 
called "‘synthetic” media containing no protein material indicates that 
the presence of substrate is not essential to the formation of the enzymes. 
The inorganic salts present are also of importance. It has been shown, for 
example, that the presence of magnesium and calcium salts is necessary 
for the production of gelatinase, the former stimulating growth but the 
latter actively stimulating the production of the enzyme. Undoubtedly a 
series of other environmental factors affect the production of proteolytic 
enzyme, but present knowledge is extremely fragmentary. 

The ability to liquefy gelatin, a character of considerable value in the 
biochemical differentiation of bacteria, is often taken as indicative of the 
proteolytic potentialities of these organisms. Many organisms, however, 
which liquefy gelatin are unable to break it down further to amino acid 
units which may be used. Staphylococcus aureus, for example, although 
liquefying gelatin, is unable to hydrolyze the protein to abiuret substances 
and, presumably, can neither assimilate nor oxidize this substance. The 
digestion of gelatin by actively proteolytic organisms such as Proteus vul- 
garis is, on the other hand, carried rapidly to the amino acid stage, and 
evidences of the further decomposition of the amino acids, such as the 
liberation of ammonia, soon appear. 

The resistance of pure native proteins, coagulated proteins and even 
purified proteose to attack by actively proteolytic bacteria in the absence 
of other food materials is well established.®® Such bacteria, inoculated into 
a mineral salt solution containing a pure protein such as crystalline egg 

For a summary of present knowledge see Haines: Biol. Rev., 1934, 9:235. 

Kendall and Keith: Jour. Inf. Dis., 1926, 5^:193. 

Avery and Cullen: Jour. Exp. Med., 1920, 52:547, 571. 

Rettger: Jour. Bact., 1916, i:lS. 
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albumin, do not multiply but in lime die oH*. IF, howevtM*, a small amount 
of peptone or meat extract is added to siu^ii a medium, iJie bat'ltu ia grow 
well and decompose the pure protein in a normal way. It is pnihahh^ that 
extracellular protease inoculated with (.he bac.tiuaal <m*Us is ther<*by so 
diluted that no hydrolysis takes place and, in the ahsiaiee <d’ smalha* mob 
ecules that can diffuse into the colls and he hrokiui down by (m/.\nu‘s 
concentrated there, the bacteria starve to dc^ath. Ad(h‘d food mat (‘rial such 
as peptone may be regarded simply as nutriuuuit. whiidi makes p<vssibh‘ 
the initiation of growth rather than as substaruuss es.s<‘n(ial to tin* forma- 
tion of proteolytic enzymes. 

The evolution of ammonia which ac<ioinpani(\s lh(‘ liai tt'rial <l(M’om- 
position of protein material is considerably e.urtaih'd if a ha nuuUahle c'ar- 
bohydrate is included in the prolein-containiug nuslium in wiiieh tin* 
organisms are grown. This phenomenon has h<‘<m int(npr<‘t(»<i b> Ken<lall‘*“ 
to indicate that carbohydrate exerts a '‘protein-sparing’’ cHei’t on bai'lerial 
proteolysis analogous to its protein-sparing (diced, on mammalian mtdah- 
olism. Precise work,^^ however, has shown (hat tln^ analogy is spurious. 
A diminution in ammonia found might be du(^ to (dtlu‘r a d<H*n*as<'d pro- 
duction or an increased utilization, sinoo ammonia is th(‘ <dn<d' soun’(‘ <d* 
nitrogen for the grfeat majority of bacteria. Tiie pr<\s<m(‘<* of n*adily avail- 
able energy in the form of a fermentable sugar sl.imnla((\s growth, witfi a 
coincident increase in ammonia assimilated and, in eons(‘(|n(*ne<\ tin* am- 
monia present is diminished. 

The Decomposition of Amino Acids.- As p<)int(‘{i out ahov<\ with 
very few exceptions, such as the autotro))hi(‘, organisms, all ba<d<a’ia art* 
able to utilize amino acids, and in most cases (die d(Ms>mposilion of amino 
acids present in an actively growing bacd.eriul e.nltun^ prexu^Kis rapidly. 
The enzymes concerned in the primary utilization of amino acids hav<* 
been studied at some length; present knowhxlgi^ of th<‘m is n‘vi(wv<ai by 
Gale.®2 Possibly these compounds may be usihI dinxdly in sonu^ cas<‘8 as 
building stones for bacterial protein; but in most instaiuH'S soim* type of 
decomposition occurs which may liberate cruirgy t.o lh(» organism, and 
some of its products, such as ammonia, arc the starling points of bmirndal 
synthesis. Amino acids may be broken down in a varic^ty of ways which 
may be summarized as follows : 

(1) Plydrolytic decomposition which may result in th<‘ formation of a 
lower fatty acid and ammonia, of an alcohol, carbon dioxiih; and ammonia, 
or of an aldehyde, a lower fatty acid and ammonia by the following 
reactions 

R.CH.NH 2 .COOH H- IT 2 O ^ R.OTlOir.COOU f Nib 

R.CH.NH 2 .COOII -{- IbO . H.GIb.On 4- COa 4 Nib 

R.CH.NH 2 .GOOH + H 2 O > R.GIIO + ir.COOH + Nib 

which are often brought about by aerobic organisms. Th(‘ dcxs.mposil ion 
to an alcohol is frequently brought about by ba(;teria, 

Kendall: Jour. Inf. Dis., 1922, J0.311. 

Waksman and Lomanitz: Jour. Agr. Res., 1925, 

Gale: Bact. Rev., 1940, 4;135. 
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(2) Decarboxylation with the formation of the corresponding amine 
(the so-called ptomaines including pentamethyldiamine or cadaverine 
from lysine and tetramethylenediamine or putrescine from ornithine or 
arginine) is often brought about by obligate anaerobes 

R.CH.NH2COOH ^ R.CH2.NH2 

Similarly, decarboxylation of a monoamino dicarboxylic acid will result 
in the formation of a monocarboxylic acid as in the formation of 
alanine from aspartic acid. 

(3) Reductive deamination with the formation of saturated fatty acids 
and ammonia 

R.CH.NH2.COOH -{- H2 > R.CH2.GOOH -i- NH3 

or 

R.CH.NH2.GOOH + II2 ^ R.GH3.-I- NHa -H GO2 

with the formation of the saturated hydrocarbon. These reactions are 
brought about by anaerobic bacteria which may, for example, decompose 
glycine to acetic acid and ammonia, or methane, carbon dioxide and 
ammonia. 

(4) Deamination and desaturation at the linkage with the formation 
of the unsaturated fatty acid and ammonia 

R.GH2.CH.NH2.GOOII > R.GH— CH.GOOH + NH3 

is also carried out by anaerobic bacteria. 

(5) Oxidative deamination with the formation of ammonia, carbon 
dioxide and a fatty acid of one less carbon is brought about by aerobic 
organisms 

R.CH.NH2.GOOH H- O2. R.COOH + NH3 + CO2 

(6) Anaerobic oxidative deamination accompanied by the evolution of 
hydrogen and the disruption of the amino acid molecule has been described 
recently. The products of decomposition of glutamic acid have been 
determined 

5 G5H9O4N -h 6 H2O 6 GH3.GOOH + 2 GH3(GH2)2.C00H + 5 CO2 + Ha -f- 5 Nib 

The reaction probably proceeds by stages which are as yet unknown. This 
type of decomposition is sometimes known as the “fermentation” of amino 
acids. 

(7) The mutual oxidation and reduction of pairs of amino acids result- 
ing in deamination and decomposition, undoubtedly an important source 
of energy to some obligate anaerobes and possibly facultative and aerobic 
organisms as well. Glycine, for example, is reduced to acetic acid and am- 
monia, and alanine oxidized to acetic acid, carbon dioxide and ammonia 

CH8.CH.NH2.COOH 4 - K O2 > CH2.COOH H- NH3 + CO2 

CII2.NH2.COOH -h Ho ^ CH3.COPH -f NHs 

The reactions are, of course, an oxidative and a reductive deamination 
respectively, but the significance lies in the fact that one amino acid may 
act as hydrogen acceptor in the oxidation of another. 
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The aromatic amino acids are usually aM.at‘k(‘<l first at (lie side* chaia, 
while the ring may or may not be broken. A nutnlxa* of <»rganisms (i(‘car- 
boxylate histidine bo the physiologically ac.(iv<‘ sul)sfanc<‘ histamine and 
carry the decomposition no further. The bn‘akdown oflrN i>t(>phane to iiulol 
by some bacteria and nob by others is taken advantage ofin the hio<diein- 
ical differentiation of many species from one anotlan*. l\\rosiiH‘ ma> he 
decomposed to phenol or broken down coinphd(‘Iy, and a number of organ- 
isms break the pyrrolidine ring of proline without ditrunilty. Owing to 
differences in ring structure, the decomposition of tin' aromati<‘ amino 
acids becomes a series of special cases whitdi (‘annot b(‘ considered furfh<*r 
here. 

The types of amino acid breakdown ou tline<l above represtmt a gentnal- 
ization. No single amino acid has as yet beem shown to undergo all of llu‘ 
decompositions nor is any single ba(d.erial sp(M*i(‘s (‘a[>abh‘ of bringing 
about all of these transformations. On the ot lun- hand, tlu* bamerial de- 
composition of an amino acid often involves not. a singh' t>tH‘ of break- 
down alone but a series of reactions consisting of s(‘veral of tlH‘S(‘ typ<*s. 
The nature of the products , formed is dep<nKl<'nt, to s(ym(‘ degree, upon 
oxygen tension; some compounds such as hydroxy aei<is may b(» form<‘d 
under aerobic conditions but arc unstable uiuh'r aiuu'robit* (Conditions. 
The pH of the medium is also of considerabh^ import an(*c\ in sonu* eas<*s 
at least.®® The fact that ammonia is almost always lib('rat(‘d is of <’<»nsid- 
erable significance, for* ammonium salts are utiliz(^d as a souret' of nitrogtm 
by the great majority of bacteria. 

Aerobic and anaerobic protein decompositions an^ oft cm ditfenad iaf ed 
by the terms decay and putrefaction. Supiirlhually tlauH' woidd appt'ar 
to be some justification for regarding the two as s(';para(('. processes tlu' 
justification being largely a matter of the un pheasant odors asso(dat(Hl 
with the reduced products of anaerobic decomposition as (‘.ontrast^Hi w itli 
the lack of odor of the oxidized end products of the aerobic de(’ompo.si( ion. 
Such a distinction has no reality, however, for tlu', proec'sstvs of d(*eom- 
position are essentially the same in both eases. Both involves preliminary 
hydrolysis to amino acids and have further breakdown UKsdiunisms in 
common. Oxidative deamination, for example, is commonly ass<K-iate<l w ith 
aerobic organisms, but it also occurs iu the oxidation-reduction of pairs 
of amino acids, a reaction brought about by many of th(^ obligate! amu'rols's. 

The Decomposition of Fats. — From the (juanti (alive point, of vit'w 
fats are not an important food source for baederia. Bacdtu’ial lipases are 
not uncommon, however, and the action of ba(',toria on fut-<H>utaining 
media has some use as a differential character. Following hydrolysis th(^ 
glycerol is readily fermented by a wide variety of bacaoria but ilul ability 
to decompose the higher fatty acids does not seem to be (common and a 
number of these, such as palmitic, stearic, oleic and other acids, (umnot be 
utilized as a source of carbon by many of the well-ktiown bact(u-ia. Tim 
oxidative decomposition of fatty acids assumes some imporlamu^ with 
regard to the development of rancidity of fat-cionlaining foods.®* 

^ Cf. Gale: Biochem. Jour., 1940, 54;853. 

^ Jensen and Grettie: Food Res., 1937, S:97. 
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NITROGEN FIXATION ee 

The ability to use molecular nitrogen as a nutrient is, like the oxida- 
tion of ammonia and nitrite, a property of a limited number of bacterial 
species. Evidence of the biological basis of nitrogen fixation was reported 
in 1862, and it was later shown that the increase in organic nitrogen 
content of uncultivated soils could be prevented by sterilization or storing 
at a low temperature. Following the work of Winogradsky, Beijerinck, 
Ilellriegel and Wilfarth and others it became apparent that atmospheric 
nitrogen is fixed by 

(1) free-living bacteria both 

(a) anaerobic and 

(b) aerobic and by 

(2) bacteria living symbiotically with leguminous plants. 

The anaerobic organism, Clostridium pastorianum, isolated by Wino- 
gradsky,®’' was the first nitrogen-fixing bacterium to be studied in pure 
culture. When cultivated under anaerobic conditions in a medium con- 
taining glucose but no nitrogen, the organism grows well, obtaining its 
energy through the fermentation of the sugar and its nitrogen from nitro- 
gen gas. The amount of nitrogen fixed is proportional to the amount of 
glucose fermented — 2.4 to 2.9 milligrams of nitrogen fixed per gram of 
glucose fermented in Winogradsky’s experiments. The fixation of nitrogen 
is inhibited by the presence of ammonium salts in the medium and may 
be lost thr’ough continued cultivation on nitrogen-containing media. CL 
pastor ianum is a spore-forming rod closely related to the bacteria of the 
so-called amylobacter group (so-called because many of them stain blue 
with iodine), organisms which ferment carbohydrate to butyric acid. The 
chief produc ts of the fermentation of glucose by CL pastor ianum are acetic 
and butyric acids and carbon dioxide and hydrogen. It has been found®® 
that the ability to fix nitrogen may be “restored” to some amylobacter 
species by a method of “soil passage” which restores this property to 
strains of CL pastor ianum which have lost it through prolonged cultivation 
on laboratory media. It is probable that all these organisms constitute a 
relatively homogeneous group whose natural habitat is soil. 

The aerobic nitrogen-fixing bacteria were discovered by Beijerinck in 
1901®^ and named by him Azotobacter. Two species were originally sug- 
gested: Azotobacier ehroococcum, a pigmented (deep brown to black), non- 
motile organism found predominantly in soil; and Azotobacter agilis, a 
motile form producing a soluble green pigment and found in water. Two 
other species have been found’® in this country, Azotobacter vinelandii and 
Azotobacter beijerimki. Although one or two additional species have been 
described, these four have, until recently, been the generally recognized 
members of the genus, with Az. chroococcum as typical of the group. This 

Biochemical nitrogen fixation is reviewed by Burk and Burris: Ann. Rev. Biochem., 
1941, iO:SS7. 

Jodin: Gompt. Rend. Acad. Sci., Paris, 1862, 55:612. 

Winogradsky: Gompt. Rend. Acad. Sci., Paris, 1893, 

Bredemann: Centralbl. f. Bakt., 1909, Abt. II, 25:385. 

Beijerinck: Centralbl. f. Bakt., 1901, Abt. II, 7:561. 

Lipman: N. J. Agr.. Station Ann. Rept., 1903, 24:217: ibid., 1904, 25.-237 
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species has a world-wide distribution; the other f.hn>e an^ appareiilly more 
restricted, although Az. agilis may have a wi<l(M- disi ribul ion ( ban I'ormerly 
thought. All fix nitrogen in alkaline environim'nl.s, lixalion proci'etling 
most rapidly at pH 7.0 to 7.5. Recently, however, Starkey” has reported 
the isolation of a species designated as Az. indicurn I'roirt acid soil which 
fixes nitrogen when grown in an acid (pH as low as .5.0) tntsliuin. Azolo- 
bacter survives for long periods of time, as long as l.wenty yasirs, and still 
is able actively to fix nitrogen. 

In addition to reaction, a number of other factors govern nitrogen fixa- 
tion by these organisms. Phosphate, calcium and oxidi/.able carbon com- 
pounds (mannitol or propionate are usually 8upi)li(Hl in laboratory media), 
in addition to certain metals such as iron and inolybdcnum,”' ar(> ma-e.ssary 
for fixation, and the numbers of these organisms in a given .soil may often 
be increased by the addition of chalk, lime, phosphate or carbohydrate, 
depending upon the deficiencies of the part.iciilar soil. 



Fig. 16 . — Azotobacter chroococcum. Three-day culture on niLrog(m-free <hsxtroHO uMMlium. 

Nigrosin relief preparation; X 978 (SUirkey). 

Like CL pastorianum, Azotobacter does not iix oiLrogeii in 
of adequate amounts of nitrogen compounds in the medium but, unlikt‘ 
the anaerobe, does not lose the ability to fix nitrogen through (‘.ontiuued 
cultivation on nitrogen-containing media. Although Azotobacter nitro- 
gen in the free-living state, it is not infrequently found in nature living 
symbiotically with higher plants. Chlorella, for example, may grow in as- 
sociation with the bacterium, the former assimilating carbon dioxide* 4 uk 1 
the latter molecular nitrogen. 

The mechanism hy which nitrogen is fixed is ohscure. Winogradsky 
suggested that CL pastorianum might bring about a direct combinatiem of 
nitrogen with nascent hydrogen liberated in the fermentation of ghux)Be 
to form ammonia. It has been generally supposed that the fixation of ni- 

Starkey: Science, 1939, 89:267, See also Starkey and De: Soil Sci., 1939, 47;329. 

” Greaves and Jones: Soil Sci., 1941, 52.-359. 

Cf, Burk: Ergebnisse der Enzymforschung, 1934, 5:23. 
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ti ogeii is a!i endothermic process, but Burk*^^ has pointed out that fixation 
m i gilt take place by means of exothermic reactions either in the presence 
ot hydrogen arising from the fermentation of glucose or formate or as an 
oxidation in the presence of free oxygen*^® No intermediate compounds 
have been detected, however, and fixed nitrogen appears only in the form 
of bacterial protoplasm. Nitrogen in other forms such as ammonia has 
been found to result from autolysis of the bacterial cells. 

The efficiency of the fixation process is variable depending upon the 
partial pressure of oxygen. The high respiratory rate of Azotohacter, QO 2 = 
2000 to 4000, the highest recorded for any living cell, is at a maximum at 
1 0 to 15 per cent oxygen, falling off sharply on either side of this optimum. 
Maximum nitrogen fixation, however, takes place at 4 to 5 per cent oxy- 
gen, and the efficiency of the fixation process increases with decreasing 
oxygen pressure. Under optimum conditions nitrogen is fixed with an effi- 



Fig. 17. — Colonics of Wiizobium radicicola on nutrient agar. Twenty-four hour culture; 

X 3. 


ciency of approximately 11 per cent of the maximum theoretically attain- 
able, a figure which falls off to about 1 per cent under atmospheric 
(;ondilions. 

The Symbiotic Nitrogen-Fixing Bacteria. — The enrichment of a 
soi I by the cultivation on it of leguminous plants such as soy beans, vetch, 
peas, clover and the like has been known throughout recorded history. 
Although such plants were early (1838) shown to take up atmospheric 
nitrogen, the relation between nodule formation and nitrogen fixation was 
first conclusively demonstrated by Hellriegel and Wilfarth^® and the bac- 
teria present in the nodules were cultivated by Beijerinck.’'^' These organ- 
isms, called by him Bacillus radicicola and now known under the generic 

Burk: Jour. Gen. Physiol., 1927, 40:S69. 

An oxidation to HNO3. If the concentration of HNO3 is less than 0.1 molar, AF 
has a positive value. 

Hellriegel and Wilfarth: Beilageheft Ztschr. ver. Rubenzuckerind, 188B. 

77 Beijerinck: Bot. Ztg., 1888, //6*:725, 741, 758, 782, 797. 
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name of Rhizobium, wore shown tliroUKh sul).so(iii(‘nt work lo li\ ndiios- 
pheric nitrogen when living symbiolioally in (lie rool nodules. Allhough 
the bacteria occur free in the soil, nitrogen is not fixed except in inliniale 
association with the host plant. 

The bacteria in pure culture on artificial nu'dia an' stnall, niofife rods 
which do not form spores. They show a fiigli d(^gre(' of [)leot»|orphisin in 
the root nodules, however; small oval forms and branching forms {hae- 
teroides) are found admixed with the rod Ibi'ins. Some workers regard 
these bacteria as a single species, Rhizobium Irijumiiiosunim. wideli is made 
up of a variety of straiirs differing from one anotlii'r itnmunologieally and 
in their ability to infect the various spciucs of Icgimduous platds. 'These 
strains fall into two groups, however, one having p(‘rilrieli<»us flagella and 
being somewhat more active biochemically than ihe other, \vhi<'h has 
monotrichous flagella. The separation of two .sp(sdes. Rhizobium loi/iimirio- 
sarum and Rhizobium radicicola, has been madt^ on the basis of I ht' legumes 



Fig. 18 . — Rhizobium radicicola. Smour from a pure oulUira; fuithnin; X KK’jO. 


which they can infect. Possibly these groups (‘,ouslil.ut<^ spcricn; 

some regard them as such while others cousid(^r th<un only a.s si rains 
the single species. As a group they appear to ho (‘.loH(^ly r<dat<‘d lo H(tc- 
terium aerogenes, Friedlander’s bacillus and similar organisms. Aa organ- 
ism known as Bacterium radiobacter is often found aHso(aat(‘cl with the 
nodule bacteria but does not fix nitrogen. 

In spite of difficulties arising from the fact that tlui fixation of nilr<»gt‘ii 
hj Rhizobium occurs only in association with the host plant, th<^ 
anism of fixation is somewhat better understood than in thc^ emo of th<» 
free-living nitrogen fixers, chiefly through the work of Virtanen ami his 
colleagues. It has been found that not inconsideraliki (piantities of ni- 
trogen are excreted by the root nodules during the early stagess of growth 

For a recent study of this organism see Hofer; Jour. Bact., 1941, 

79 oy, Virtanen and Laine: Nature, 1938, i42:165; Wilson: The Biochemwiry of *SVfn- 
biotic Nitrogen Fixation. University of Wisconsin Press. Madison. 1940. 
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in the form of aspartic acid and /5-alamiie together with a small quantity 
of the oxime of oxalacetic acid. It appears that nitrogen is fixed as hydrox- 
ylamine, which in turn condenses with oxalacetic acid supplied by the 
plant. The oxime is then reduced to aspartic acid, which serves as a start- 
ing material for the synthesis of other amino acids. The j5-alanine found 
presumably arises through decarboxylation of the aspartic acid. The 
course of the fixation process may be expressed thus: 




NIhOH 




G00H.C(N0H).CH2.C00H > 

GOOH.GHNH 2 .CH 2 .COOH 


CeHiaO,. > COOH.CO.CH 2 .COOH 




Plants other than the leguminosae show nodule formation which, in 
some cases, is associated with nitrogen fixation. A number of species of 
alder (Alnus), for instance, have root nodules and there is evidence®*^ that 
nitrogen fixation occurs. Nodule formation is not confined to roots: some 
plants, the Rubiaceae and Dioscorea, show bacteria-containing nodules on 
the leaves, and in one instance these’have been shown®^ to fix atmospheric 
nitrogen. 

It is open to question whether bacteria other than those described 
above are able to fix nitrogen. Fixation has been reported for a variety 
of organisms such as the pneumococcus, but the evidence is inconclusive 
and fragmentary. It has been shown^^ recently, however, that the blue- 
green alga Nosioc is able to fix atmospheric nitrogen. 


THE NUTRITIVE REQUIREMENTS OF BACTERIA^a 

it is already apparent that bacteria as a group include a wide variety 
of physiological types, ranging from the photosynthetic and autotrophic 
forms to those which metabolize carbohydrates and organic nitrogenous 
substances by means of complex enzyme systems. The food requirements 
of these organisms arc equally diverse, some being able to utilize inor- 
ganic compounds of carbon and nitrogen while others require organic 
compounds of varying degrees of complexity. The kinds of food materials 
that must be supplied to an organism may be considered to fall into three 
(Allegories: 

(1) compounds that can be oxidized by the organism and thereby serve 

as sources of energy; 

(2) compounds that serve as building stones or as precursors to build- 

ing stones in the synthesis of bacterial protoplasm; and 

““ Hiltncr: Lanw. Vers. Sta., 1896, 46.T53, For more recent work see Plotho: A,rch. f. 
MikrobioL, 1941, 42:1. 

van Faber: Jahrb. wiss. Bot., 1912, 54:2S$; ibid., 1914, 54:243. 

Allison, Hoover and Morris: Bot. Gaz., 1937, 9^:433. 

The literature to 1936 has been reviewed by Knight: Medical Research Council 
Special Report Series, No. 210, 1936; and to 1938 by LwofT: Ann. Inst. Pasteur, 1938. 
6^:580. 
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(3) substances which, for want of a beder iimn(\ arc deHiiximt rd as 
growth accessory substances or vi(ainin”Hk<‘ substances aiui 
which, in many cases, appear t.o lunelioiv us eouvponents of iaitul-* 
ytic systems in the economy of tlie organism. 

Although such a classification of food maternils is (‘(mv(‘ni(‘nl for purpos(‘s 
of exposition, sharp distinctions are soniel inuss (lini<‘ul( to ukake, as will 
appear.®^ 

In general, the utilization of a given substance' as a fooei by an organ- 
ism is dependent upon two factors. One, perliaps tlu' nun't' <khvi<jus, is tin' 
possession by the organism of enzyme sysU'ms whicli makt' ptkssibic' tin* 
decomposition or assimilation of the subs(an<‘(' in (pK'sticHi. <n‘!lulos(', for 
example, is not a food for organisms whicii arc* unabk' t<» dtn'onipose if. 
The second factor is the concentration of tlu^ substaiuM', whieli may var> 
from a lower limit below which the bacterium is unabb* to grow to an 
upper limit beyond which additional material is simply (‘xc(*ss. \ (*ry high 
concentrations may actually be toxic, viz.^ (lui pr<\s('rvation of foods in 
syrups. Butterfield^*^ has shown that betwc'cn tin'sc? two limits a regular 
relation exists between the amount of bacl.cuial growth and the conc<‘n- 
tration of nutrient material; if the logarithuis of t.lu^ maximum munln'rs 
of bacteria are plotted against the logarithms of tln^ (M)nt*(‘ntrati<ms of 
food, the points fall on a straight line. The maxinmm numbt*rs <»f han't t*riu 
are, in turn, dependent upon the size of th(j individiml orgamisms. tin* 
relation between size and numbers of individuals Ix'iiig invc'rse the 
smaller the bacterium the greater the numlxu* of individiud <'(*lls. When 
the volume of the cells is taken into cousid<a‘alion, how<‘ver, it, appt'ars 
that a given volume of bacterial substance is formed in a giv('!i vimvvti- 
tration of nutrient, the larger numbers of small orgamisms h('ing hut a 
consequence of wrapping the same amount, of protoplasm in smalh'r 
packages. 

Oxidizable Substances. — The compounds that, tnay S(U'V(' as H<mr<’cH 
of energy to the growing bacterial culture have alrciady h<‘<‘n disc'usHi'd in 
connection with the mechanisms of oxidation used by lh<‘vS(^ organisms, 
SulFice it to say that the autotrophic forms nicpure as AhkI mat<'rial tin* 
inorganic compounds of nitrogen, sulfur and iron that thc\y VAm oxidize, 
and that such compounds may be regarded as nutriment in the same way 
that carbohydrates and amino acids arc regarchKl as foodstuiFs for the 
heterotrophic forms. The autotrophic bacteria, however, (ixhihit a high 
degree of specificity with respect to oxidizable substaiuies whi('h has no 
counterpart in the metabolism of the heterotrophic mit'.roorganisms. 
latter, both as a group and as individual species, may obtain (m(*rgy fixan 
a great variety of organic compounds of carbon and nitrog(m. As long as 
such compounds are susceptible to attack by the onzyim^ systems of t he* 
bacterium, they may serve as food materials. 

'‘^Building Stones.” — The second group of food substamu'.s, thosc^ t hat 
serve as building stones, may be considered as sources of the c^lu'mic'al 

8^ For a critical discussion of groups (2) and (3) see Biirrows: Quart. Bev. Biol, 1936, 
If 1-406. 

Butterfield: Pub. Health Repts., 1929, 44.-286.5. 
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eleiTfenls which, hi appropriate and often highly complex combinations, 
make up the bacterial protoplasm. Chief among these elements are carbon 
and nitrogen which the organism may be able to assimilate in a variety 
ol forms, the ability to assimilate inorganic carbon in the form of carbon 
dioxide or carbonates is characteristic of the autotrophic bacteria. The 
heterotr'ophic microorganisms require organic compounds as sources of 
carbon but do not appear to be particularly fastidious as to the nature of 
these (iornfioiinds as long as they may be attacked by the bacterial enzymes. 
An organism may, for example, assimilate some of the carbon of a ferment- 
able sugar or it may grow normally in the presence of one or more amino 
acids in mineral salt solutions. The apparent relative unimportance of the 
nature ol the carbon compound suggests that bacteria may break down all 
manner ol carbon compounds to one or more substances which they use 
as a starling material lor the synthesis of cell substance. There is some 
evidence’^^ tiiat pyruvic acid may be such a starting point, and possibly 
other simple carbon compounds may be assimilated directly. 

Bacteria as a group exhibit a striking uniformity in their ability to use 
ammonia or ammonium vsalts as sources of nitrogen. Not only the auto- 
trophic lorms but even the most fastidious of the heterotrophes use ni- 
trogen in this inorganic form. Although it is not unlikely that some amino 
acids arc assimilated dir ectly by some bacteria, the great majority attack 
these compounds and break them down. One of the early steps in the 
decomposition is deamination, hydrolytic, reductive or oxidative, with the 
producstiou ol Ir cc ammonia, a part of which the organism then takes up 
and prcisumably makes use of in the synthesis of amino acids which are, 
in turn, condensed to form protein molecules. 

The Essential Amino Acids . — Experimental evidence of recent years is 
strongly suggestive of the need on the part of some bacteria not only for 
the eUiments carbon and nitrogen, but also for these elements in the form 
of pre^tormed molecular structxires. It has been pointed out^® that the fail- 
ure of certain bacteria to grow in mineral salt solutions containing fer- 
mentable carbohydral.e and ammonia might be accounted for on the 
assumption that such orgairisms lacked the ability to synthesize certain 
molecular structures, such as those contained in certain amino acids, and, 
in consequence, suesh structures might have to be supplied preformed. The 
basic assumption is, of course, analogous to the concept of “essential” 
amino acids of mammalian nutrition. A considerable quantity of evidence 
iudi(;atOvS that a number of bacterial species require the presence of certain 
amino acids in order to grow in mineral salt solutions. One strain of the 
diphtheria bacillus, for example, has been found to require a mixture of 
tryptophane, cystine, methionine, valine, histidine, glycine and glutamic 
acid, while another requires leucine, methionine, valine and glutamic acid. 
Clostridium botulinum requires cystine, leucine, lysine, glycine and proline, 
and another anaerobe, Clostridium sporogenes, requires tryptophane, cys- 

For ('-xarnplo, see Clifton: Jour. Bact., 1939, 57:523. 

^^Quastel: Biochenri. Jour., 1925, f 9:641, Also Fromageot and Safavi: Enzymologia, 
1939, 6:57. 

Burrows: Joxir. Inf. Dis., 1933, 52:126. 
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tine, leucine, methionine, valine, tyrosine, hislniine, ai'Kinine ixnd plieiiyl- 
alanine. The amino acid requirements of stroph)c<>c<*i ar(‘ similarly <‘ompI(‘x. 
The requirements of some other organisms are nol so (^hihorale; some 
strains of the typhoid bacillus, for instance, will grow in a mima'al salt 
solution plus tryptophane, while others need no amino ueids. Tin* signifi- 
cance of observations such as these is not altogi^llan* eh‘ar at the pn\sent 
time. It is assumed, of course, that such requin^l amin<» aeids are <iire<ily 
assimilated as building stones which the organism is ineapalde of synt lie- 
sizing as indicated above; but the demonstration of the oxidation-rediiel ion 
of pairs of amino acids by obligate anaerobes iiuli(*al(‘s fliaf lhes<‘ <'om- 
pounds may sometimes function as energy-yh'lding eomi>onnds rat lu'r t ban 
building stones. Furthermore, analytical evidc'.iu^e”'*’ suggests lliat tlu^ ap- 
parent necessity for the inclusion of amino ae/uls in min<a‘al salt solutions 
may not be indicative of a lack of synthetic abililit^s on tla^ part of the 
microorganisms. 

Other evidence pointing in this same direction and indi<*ating that the 
question of required amino acids may become (|uiti^ <‘omplc‘x has been 
found by Gladstone. He observed that the anthrax bacallns (^mld be 
grown in an amino acid medium including, among olln^rs, hnnane, iso- 
leucine and valine. Omission of any one greatly n^huMMl or pn*venfed 
growth, indicating their essential nature. If, howevc^r, 4dl thr(M‘ were omit IchI 
growth occurred and any single one was toxics ^ <h‘finit<‘ antagonism 
among amino acids was thus indicated and further demonstratiMl ; a (Com- 
petitive blocking of enzyme surfaces was offered in (‘explanation. 

The Essential Elements . — Elements other than (uirhon and nitrogtm an^ a 
part of the bacterial protoplasm and must, of neex'ssity, l)e suppli(*d in a 
culture medium. Oxygen is, of course, contained in (^arbohydrutt*H amd 
amino acids as well as available in the gaseous form to all but th<^ obligati^ 
anaerobes. Of the other elements, phosphorus predominatt^s (luanlital iv(‘ly 
because of the high nucleic acid content of the cells. 1 1, is g<'n(u*ally supplitjd 
in the form of phosphate and probably may b(i assiniilal (‘(1 by t organism 
in the form of other inorganic compounds. A number of otIuT (‘Iiamaits, 
such as iron, magnesium, calcium, etc., have been shown to lunx^ssary 
to bacterial growth, and certain organisms may have special rtspnriummts 
as in the case of Azotobacter, which requires the preseutu^ of eli‘m(mts sucdi 
as molybdenum and vanadium for nitrogen fixation (wlu<‘h in 1 his (‘ast* is 
growth, since the nitrogen is fixed as bacterial protoplasm). It has Inmt 
found also that iron concentration is of paramount importance'! in toxin 
formation by the diphtheria bacillus, the optimum being 0.14 micrograms 
per cubic centimeter.^i Similar results have been obtained in studicis of tlui 
formation of tetanus toxin. Probably a great number of chemical ehanemts 
go to make up the bacterial cell substance and are, therefore, ne(!(‘ssary 
parts of the food supply; but in the great majority of cases they urn rn- 

Burrows: Jour. Inf. Dis., 1939, ^4:145. 

9® Gladstone: Brit. Jour. Exp. Path., 1939, 20:1^9. 

Pappenheimer and Johnson: Brit. Jour. Exp. Path., 1936, f7;335: PaiUHinheiin(»r: 
ibid., 1936, 17:342. , t t » 

Mueller and Miller: Proc. Soc. Exp. Biol. Med., 1940, 
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quired only in the minute traces with which many chemical compounds of 
the highest purity are contaminated. Obvious technical difficulties have 
prevented intensive, study, but it is quite likely that all of these ‘‘biologi- 
cally rare” elements may be assimilated in the form of inorganic compounds. 

Growth Accessory Substances or Bacterial Vitamins. — The third 
group of food materials, the growth accessory substances, consists of or- 
ganic cotrq)oun(ls which are necessary to growing bacteria only in minute 
amounts. Presumably these substances cannot be synthesized by the cell, 
thereby resembling the essential amino acids but differing from them in that 
the growth accessory substances apparently function in the cell economy 
as catalysts rather than building stones for cell substance proper. The 
search Inr such substances goes back over many years, even antedating 
the discovery of the vitamins of mammalian physiology. The great major- 
ity of investigations were based upon a general type of experiment in 
which a solution which did not support the growth of the bacterium under 
consideration was supplemented by extracts of various plant and animal 
tissues. Since many of these extracts permitted growth in the otherwise 
inadeqxiate solution, it was assumed that they contained active substances 
which were variously termed biocatalyzers, growth hormones and the like. 
The interpretation of experlmeTits carried to this point but no further is 
exceedingly difficult. In very recent years, however, more precise informa- 
tion regarding the nature of these substances has become available. 

It is of particular interest that the majority of these substances have 
proved to be identical with various components of the vitamin B complex, 
suggesting a close relation between the metabolic processes of organisms 
as diverse as bacteria on the one hand and mammals and other higher 
animals on the other. It is not inappropriate, therefore, to refer to these 
substances as bacterial vitamins. Other substances required by bacteria and 
included in this category are glutamine, purines such as adenine or uracil, 
pirnelic acid, and others. The requirements of a number of bacteria have 
been worked out in some detail^® but it should be noted that there may 
be, and often is, considerable variation from strain to strain of the same 
specuis. 

The first bacterium to be studied in detail in this respect was the diph- 
theria bacillus which Mueller®^ found to require nicotinic acid and /3-alanine, 
the latter presumably serving as a precursor of pantothenic acid; some 
strains require pirnelic acid. Staphylococcus aureus was similarly studied by 
Knight®® and found to require nicotinic acid and thiamin and, for anaerobic 
growth, pyruvic acid and uracil had to be supplied. It has been found by 
others that certain strains require biotin. Similarly, the lactic acid bacteria 
have been found to require riboflavin, pantothenic acid, nicotinic acid, 
pyridoxine and other as yet unidentified substances, and the hemolytic 
streptococci must be supplied with pantothenic acid, pyridoxine, thiamin, 
nicotinic acid, glutamine and certain purines. 

The nutritive requirements of individual bacterial species are considered in later 
tors 

^ See the reviews by Mueller: Jour. Bact., 1938, 36:4:99; Baot. Rev., 1940, 4:97. 

w Knight: Biochem. Jour.. 1937, 5J.-731, 966; ibid., 1938, 32:1241. 
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In other instances precise study has niaclo possible aii un<I(^rstan<lin^ of 
growth requirements already known. Thus, in the <‘ase of the lieinophilic, 
organism, the influenza bacillus, it haslong he<‘n known that t w<Kstihstan<‘<‘H 
present in fresh blood media are required. One of t}u\st\ the “X fa<‘tor/' is 

B COMPLEX VITAMINS REQUIBED BY VABIOES SPECIES OF B\r;rEIU\* 
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heat-stable and associated with hemoglobin, while the other, th(i “V factor ” 
IS heat-labile and found in yeast and various vegetable extrueds as wt'Il as 

that the X-factor may ho rei)la<a!d by laanali.i 
and the V factor by coenzyme I or II. 

Other bacteria, however, have much simpler nutritive re(|uircuncntH. 
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Hie typhoid bacillus, for example, does not require added growth acces- 
sory substances; most strains of dysentery bacilli and Proteus require only 
nicotinic acid. 

These nutritive requirements are generally believed to be an expression 
of limitations in the synthetic abilities of the microorganisms, the assump- 
tion being the same as that first postulated for the essential amino acids, 
viz,, tlie substance in question is an essential metabolite which cannot be 
synthesized by the microorganism and therefore must be supplied as such. 
From this point of view there appear to be varying degrees of limitation. 
For example, the inlluenza bacillus requires the entire cozymase molecule 
but most bacteria require only nicotinic acid or nicotinamide, and given 
this sl,ruc;tui*e presumably synthesize the remainder of the molecule. The 
case of thiamin is somewhat similar. The molecule consists of pyrimidine 
and thiazole (see structural formula), loosely joined. Staphylococcus aureus 
is apparently unable to synthesize either ring, but grows in the presence of 
both pyrirniditHi and thiazole and is presumably able to form the complete 
thiamin molecule from i(,s twp^component parts. Other organisms, such as 
the iidluenza baciillus, require the presence of the complete molecule, while 
still other's will gi'ow in the presence of one or the other ring structure, 
supposedly synthesizing the one not required and joining the two to form 
the thiamin molecuile. 

The funcjtion of bacl-erial vitamins in the physiologic economy of the 
organism is of particadar importance bxit has not as yet been studied ex- 
tensivcily. I t was early predicted^ that they have a catalytic function and 
present knowledge of their nature appears to substantiate this. The sig- 
nifican(x^ ol‘ riboflavin and thiamin as the functional, prosthetic groups of 
the respiratory enzymes flavoprotein, or yellow enzyme, and cocarboxylase 
rcspcKitively will be readily apparent (p. 84). Similarly, the rather general 
requiriuncnt for nicotinic acid is significant since this is a part of the pyrid- 
ine mudeotide (DPN and TPN) molecules. It is generally believed, there- 
fore, that these substances are precursors of respiratory enzymes, repre- 
senting the part of the molecule the organism is unable to synthesize, 
whi(di are essential to the metabolism of the cell. This is supported by a 
certain amount of experimental evidence. For example, the addition of 
thiamin to thiamin-deficient cells of Staphylococcus aureus and the pro- 
pionic and lactic acid bacteria results in a marked increase in the rate of 
carbon dioxide production from pyruvate, and in the case of the last two, 
sugar and lactate breakdown are somewhat increased.®® Similarly, meth- 
ylene blue rediKdion and oxygen uptake by deficient dysentery bacilli are 
stimulated by the addition of nicotinic acid or its amide, or diphospho- 
pyridine nucleotide.®^ Such experiments must be interpreted with caution, 
however. For example, Mann and QuasteF® have demonstrated the pres- 
ence of a hydrolytic enzyme, coenzyme I-nucleotidase, in fresh brain tissue 

Hilts: Biochom. Jour., 1938, 32:$SZ; Silverman and Werkman: Jour- Bact., 1939, 
38:23; ibid., Proc. Soc. Fxp. Biol. Med., 1939, ^0:369. 

Dorfman and Koser: Jour. Inf. Dis., 1942, 7f.*241. 

Mann and Quastel: Biochem. Jour., 1941, 35:302, 
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which is responsible for the breakdown of Ihe coetizynie, and w hich can 
be completely inhibited by high concentrations of ni(!o( iiiamidc. 4'lic 
stimulating effect of nicotinamide on laclic dchydrog.maHc a<divil> of 
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tissues in the presence of the nucleotidase is, (iu^rcdorcs not. a of 

synthesis of nicotinamide to the coenzyme, hut due to a <*<)ru|Haition of 
nicotinamide with the coenzyme for the nu(^I(H)tidas(‘. 
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Carbon Dioxide 

In general, thou^Ii, it is not unreasonable to assume that these sub- 
sUintu^s ar(', usvS<)<uiU,<*(i with the catalytic decomposition of carbon com- 
pounds and may be considered as parts of the energy-yielding mechanisms 
o( tlH5 (scdl rather than niiil.sused in the building up of cell substance proper. 
Whetheu' oth(‘.r suhstarux’js, such as glutamine and p-aminobenzoic acid, 
fiuHdion in this way is as y<it uriknown; it is possible that in some cases 
at I(^ast th(‘y may Ix^ assodaUid with the synthesis of the protoplasmic 
stnud-uiH^ of the c(dl. 

Carbon I>i€>xi<le. — Tlu^ intimate relationship between carbon dioxide 
tension urul bacd^u ial multipli(‘,ation has long been known. The gonococcus, 
m(;ningoc;o(Knis, and Jh'iicella abortus, for example, require appreciable par- 
tial pressur(^s of the; giis for growth, especially in primary isolation, and 
ar<i usually inc.ubatcul in vessels containing perhaps 10 per cent carbon 
dioxide. It is also re(piir(^d by other bacteria, possibly all, for growth 
though in vciry imndi smulhu* atnounts. This may be demonstrated by gas- 
sing frcishly inoculated (*,ultures with C 02 -lrec air; if the aeration is carried 
on vigorously no growlli ocxairs, but if aeration is discontinued it begins. 
OtuH^ growth lias IxMiii initiated, however, it is not possible to stop it by 
aeration; pn^snmably carbon dioxide is formed by the metabolizing cells 
sufyi(vicntly rapidly that it (;annot be completely washed out in this way. 
Th(^ carli(u* literatur<i has heem reviewed by Valley®^ who suggests that a 
(uirbon dioxidt? lension is essential for cell division, but the supporting 
(w ichuicc for (,his is only circumstan tial. The apparent mutually stimulating 
cdle<d;s of allclo(**atalysis (p. 53) have been accounted for by some workers 
on the basis of c^arbon dioxide production. It has been shown, however, 
by I that carbon dioxide exerts a catalytic effect on certain oxidation- 
rcducilion reactions, the reduction of methylene blue by bacterial suspen- 
sions Ixdng greatly retarded in its absence. Some purely hypothetical 
(ixplunations have been advanced, such as the postulation of intracellular 
pi 1 e (feels. 

Carbofi dioxide appears to influence the physiologic processes of bacteria 
in still otlxu* ways; it has been found, for example, that certain strains of 
staphylociocjci prodiu;e irxjreased amounts of hemolysin^®^ and enterotoxic 
suhstancci*®*-^ when (jultured in the presence of 10 to 20 per cent carbon 
dioxide. The preserujc of the gas also appears to affect nutritive require- 
ments in somci instances; hemolytic streptococci require adenylic acid or 
other purines when the tension is low (less than 2 mm. Hg) but dispense 
with these substances when the tension is high (20 mm. 

7^ he hleleroirophic Assimilation of Carbon Dioxide . — ^The demonstration 
by Werkman and his co-workers^®^ of the heterotrophic assimilation of 
(‘.arbori dioxide has clarified considerably the relation of carbon dioxide to 

»» Valley: Quart. Ilev. Biol., 1932, 5:209. 

Nature, 1930, See also a general discussion by this worker in Ann. 

Kerinentations, 1938, 4:547. 

Burnet: Jour. Path, and Bact., 1929, 52:717; ibid., 1930, 55:1. 

Woolpert and Back: Jour. Inf. Dis., 1933, 52:6. 

Pappenheijtner and Hottle: Proc. Soc. Exp. Biol. Med., 1940, 4^:645. 

See the reviews by Werkman and Wood: Bot. Bev , 1942, 5:1; and by Werkman - 
Advances in Knzymology, 1942, 2:135. 
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the metabolic processes of bacteria. Werkmaii has p<>iiit(‘<l out that oiu* 
of the differences between autotrophic and hcterutr{)plii('. bat^leria may now 
be defined with some precision, i,e., the autotroph(‘s are ahlt^ to bring 
about a carbon-to-carbon linkage when both carbons arr^ inorganic, whih^ 
the heterotrophes can, in general, Jink carbon to carl)on only wht'ii om* 
or both of the carbons is organic. 

This was first demonstrated in the formation of siu^<uni(^ a(u<t from gl> c-^ 
erol by fermentation with propionic acid bacilli, and by the; usci ot lu^avy 
carbon and radioactive carbon it has been shown liiat th(^ carbon dioxi<h‘ 
carbon occurs in a carboxyl group. Fixation has been Ion nd to o<‘(*ur in 
the fermentation of sugars and other polyhydric. alc'ohols by thcsi* bac- 
teria, and in the decomposition of pyruvic and cil.ric^ acuds an<l in tlu' for- 
mation of malic and fumaric acids from pyruvate by colifonn bacdcria. 1 1 
has also been observed that carbon dioxide is assimibdixl by tivssiuxs <»f 
higher animals in vitro. It is of particular interest tha(- fixation by ludtaxH 
trophic bacteria may include the reduction of carbon dioxides by hydrogmi 
in the presence of hydrogenase to form formic a(ud as no(i‘.d (‘arlicr, ami 
that a bacterium isolated by Barker, Ruben and BcH'Jk'”*’ produc(‘s mxdic 
acid during the decomposition of purines which is synthesi>aHl from ('arbon 
dioxide, i.e., radioactive carbon from the carbon dioxide was found in both 
methyl and carboxyl groups. The latter would seem to lx', a form in((*r- 
mediate between autotrophic and heterotrophii; iruilaiiolic ty^n^s of 
bacteria. 

From present indications, therefore, it would appear that, t he iudm'o- 
trophic assimilation of carbon dioxide is a general phenormmon. Then* is, 
as yet, however, no indication as to whether such assimilat ion is an ixssmi- 
tial and integral part of bacterial metabolic proecssi^s. 

THE EFFECTS PRODUCED BY BACTERIAI. (DIOW I'll 

It has been pointed out in an earlier chapter that bacterial growt h may 
be regarded as a conversion of the constituents of the envirommmt. t<> 
bacterial protoplasm, a view which is an obvious oversimplification of tiu* 
mass of highly complex and little understood reactions that <tonHtitut.<* 
synthesis. This conversion is attended by a number of what might be 
termed “side reactions” which, in many cases, surpa^ss in magnitude tiie 
synthesis of bacterial substance. It is to be expected, therefore, that a 
bacterial culture will contain, in addition to unaltered nutriment, first, 
materials arising as a result of “side reactions” which are, for the*, most 
part, degradations, and, second, bacterial protoplasm together with other 
substances synthesized by the organisms but not a part of ih<^ veil sub- 
stance proper. The nature of the products so formed depends upon tin* 
kind of bacteria present, the kind of nutriments supplied and tlui <iondi- 
tions under which growth takes place. 

The Products of Degradation. — Many of these hav (5 alr<*ady l)i*(m 
discussed under the heads of carbohydrate and amino acid <le(‘oinposition. 

10® Barker, Ruben and Beck: Proc. Nat. Acad. Sci., 1940, 26*:477. 
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Tlie piesoncc ol a lonnotilablc sugar leads to the formation of organic 
acids and gases sut'li as hydrogen, carbon dioxide and methane. The nature 
and proportions of tliosc end products depend, of course, upon a number 
of factors, such as the acidity of the culture medium which may favor 
the fonnatiorr of one organic acid and tend to suppress that of another; 
the degree ol a(U‘alion wliidi maiTedly influences the degree of oxidation 
or r-ediuUion of the acu^uinulatiirg compounds; the time of incubation, for 
accuinndat(id com])()unds may be further decomposed upon continued in- 
cubation; and similar farUors wliich exert a strong influence upon what 
might b(i consi(h^i‘ed as the primary determining factor, ix., the enzymatic 
(Hpiipmenl, of tlu^ growing bacterium. Similaiiy, the hydrolysis of proteins 
by tlu^ pt‘ol,(‘,olyl,ic*- bacteria and the decomposition of amino acids by these 
and otluir organisms l,o amines, acids, saturated hydrocarbons, ammonia, 
(jarbon dioxid<% liydrogen sullide, hydrogen, and free nitrogen and oxides 
of nitrogem is d<d.errnitred by these same factors. A culture medium in 
wliicii ba(;teria have grown may, and usually does, contain a complex mix- 
tures of tlu’ise various nretabolites. 

In addition to th(\se, (‘crtain other materials, which may also be con- 
sider(‘d in tlui (uU.cigory of metabolites, may be present. Chief among them 
arci hydr-og(m peroxide and nitrite, which appear as the end products of 
couphni n^acil-ions in whic^h organic compounds are oxidized and oxygen 
and nitru(,c ar(i rcHluced. Although these substances cannot be reduced by 
all bu<^l-(U‘ia, tlwur r(Hlu(*.tiou is in no sense specific to any type of metabolic 
a<‘,tivi(y. With the (ixc<^ption of a few organisms such as the Shiga dysen- 
tcr'y bu(!illus and cerl-ain streptococci, almost all bacteria produce hydro- 
gen peroxid(i under favorable circumstances, but, since the majority of 
aerobic*, and facultatively anaerobic bacteria possess catalase, peroxide 
usually docis not accumidate in the culture. It is probably not formed 
through dircMit (*-()Uf)ling of oxygen reduction with substrate oxidation but 
possibly may arisen via some mciclianism such as the cytochrome-cytochrome 
oxidas(^ system. Nitrate is redacted to nitrite by a number of bacteria, and 
to ammonia by some of the soil organisms, and is often included in simple 
synthcitie media to permit anaerobic growth. The ability to reduce nitrate 
has assumed some importance as a clifferential character in the identifi- 
cation of some bacterial sf)ecies. The reduction of sulfur compounds such 
as sulfite, thiosulfate, sulfate and the like to hydrogen sulfide is much less 
common than the rcducilion of nitrate. Although certain anaerobic bacteria 
found in muds reduce sulfate, the source of hydrogen sulfide in most bac- 
terial (uil lures is the sulfhydryl group of cysteine. 

The FrodTueis of Sy a thesis. — In addition to proteins, lipoids and car- 
l)ohydratc in the usual amounts, many bacteria synthesize relatively 
large amounts of polysac(diaride material which appears morphologically 
as the capsule surrounding the cell and which may confer an immuno- 
logical specificity upon the bacterial species (p. 249). Enzymes are, of 
course, formed, and those that diffuse out of the cells are found in the 
culture medium. Two other substances have been of particular interest, 
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the pigments produced by the so-called chroinogiMiic^ ha<‘l<‘ria aini lht‘ 
soluble toxins elaborated by some of the pathogenic^ organisms. 

Bacterial Pigments —Most bacteria do not form pigimmls, and masses 
of the cells, such as colonies on semisolid media, app<‘ar to b(‘ while or 
light gray. Some, however, give rise to colored (‘ompouiuls which nuiy he 
brilliant in hue. Some pigments occur in solution, whiles otlua-s are l<mnd 
in the form of granules lying outside the cell. Pracl legally all colors ol lh<‘ 
spectrum are represented: violet, indigo, blue {Bacierliim vwhurunu B. 
janthinus, Pseudomonas pyocyaneus), green (Baelcriuni Jluorescens), yellow 
(Staphylococcus aureus, Sarcina lutea), orange (Sarcimi auranfiarah and 
red (Bacterium prodigiosum) , The last-named, the so-ealh‘d “rtiiraeh*'’ 
bacillus, is sometimes the cause of the sudden appe^aranee of l)Iood-r(al 
spots on bread, rice, fish and other foods. A single l)acl<a'ial sp(*ei<^s may 
contain more than one pigment; the purple sulfur hacd.caia, for examplr, 
contain lipochrome pigments in addition to baciterioc^hlorin. 

Pigment production is probably one of the most un.stabh' (diaraet(u*s of 
bacteria even though it is often made use of as a dillercnitial <‘hara<d<‘r in 
many classification schemes. Some of the staphylo(‘.o(^<‘.i may show pro- 
nounced yellow or golden yellow pigmentation upon isolation from art 
abscess, but the intensity of the color gradually fades with cultivation <ui 
laboratory media and may eventually disappear. Ot.hcir organisms, su<’h as 
Bacterium violaceum, may also lose chromogenic power through contimitKl 
cultivation on artificial media, and cultivation of a (diroim^gtuhc organism 
in the presence of dilute antiseptics may result ia the eomphd(‘ suppr(‘ssiou 
of pigment formation. Similarly, the incubation of B. prodigiosum at 37 *^ 
G. results in cultures which entirely lack the brilliant red (*.olor (diaratd<*r“ 
istic of the organism. As a rule oxygen is itidisp(U)sable to ]>ignH*nt pro- 
duction and most chromogenic species yield no tracie of pigmcuit wduui 
grown under anaerobic conditions. Spirillum riihrum, h<)W<^V(u\ which 
grows well in the presence of oxygen, is said to form its re<l pigmtuit ordy 
in oxygen-free media. In the case of some of the (diromogtujs tlie pr<‘H(‘n<*(‘ 
of certain chemical compounds or elements in the medium is essential to, 
or greatly favors, pigment production. Thus idiosphutes and sulfaic^s havr* 
been found necessary for the production of pyocyanin by Ps. pyocyaneus, 
and sodium tartrate has been shown to favor the production of pigment 
by B. prodigiosum. Carbohydrate media (potato, rk^e and wln^ai slartdi) 
often lead to a particularly brilliant chromogenesis. 

The bacterial pigments are chemically of diverse nature. Many of tln^ 
red and yellow pigments are insoluble in water, but solul)le in akujliol, 
ether and chloroform, and appear to be lipochromes, a group of fat,t.y pig- 
ments widely distributed throughout the plant and arumal kingdoitis; 
others, like the fluorescent pigment, are soluble in water, but not in 
or strong alcohol, and may be related to the anthrac.yaains. Of tlu^ bac- 
terial pigments only the structure of pyocyanin is known; it has heum 
found by Wrede^*^^ to be an entirely new type of dye and the first instance 
of a phenazine derivative occurring in nature. The enipiri(‘al formula is 
G26H20N4O2 and the structure probably: 

106 Wrede: Ztschr. f. Hyg. u. Tnfcklionslcr., 1930, lii:9i). 
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1lic bacil.ftfioc.hloriti found in tho pnrple and green sulfur bacteria appears 
to he closer! y n^latcsd (,<> ohioropliyl a. 

Hie rc'ilalioti o( many of llie haetcrial pigments to the physiology of 
the organisiiKs is uiaua lain. Iha^l-erioehloriri is, of course, responsible for 
th(5 pliol.<)synl.h<M.i<‘. a<i,ivi(y of t he purple and green sulfur bacteria. Cyto~ 
(;hroin<’;s a, h and e avo, pr(^,s<ait in all bac^toria except the obligate anaerobes, 
s<vt)aral.<‘ly and in various (Mmihinations, and presumably function as a 
part, of t.h(‘! r<\spiratory uuM^hanisins operative during aerobic growth. The 
pr(‘S(m<u^ of (‘.y l,()c.hr<)rn(% how<’iver, does not impart color to the bacteria. 
Ol lua* f)igni<mts su<di as pyocyaniu may be reversibly oxidized and reduced 
and may <;<)n<Muvably fuiudiou as hydrogen transport systems. The major- 
ity of ba(d.(a*ial pignumt-s, however, fall into the group of lipochromes or 
<^arol inoids, and appe^ar to Ixi physiologically inert. 

Toxins, dlu', r<\sults of the parenteral inoculation of bacteria-free 
<mltur<^ (ilt,nd<<\s into (wpiaiirumtal animals must be interpreted with con- 
si<hirabl(^ (iaution. A gr<^at variedy of proteins, bacterial and otherwise, 
yitdd, on hydrolysis, split ])rodu<‘ts of high molecular weight that are toxic, 
and th(^ <H)mpl<‘x umirK^s that may accumulate in the cultures of certain 
l)a<;t(iria likt'wisc giv(‘, rise to marked symptoms, or even death, when in- 
j<»(d,(‘d intravrmously. Some ba(‘.teria, however, have been shown to form 
whal, ar(‘ (talked true toxins to distinguish them fr'om the non-specific toxic- 
ity of (h(^ d(‘eomposing material present in the cultures of a variety of 
ha(*,t(u*iu. Hu;s(^ toxins diffuse} out of the cells and may be found in the 
<!ultur(} fluid and are?, in (^onseepiencc, also spoken of as “soluble toxins” 
or “exo(,()xins.” Tlu}y ai‘(} apparently protein in nature, large molecules 
which ar'(} synthesizcid by llie oi^ganisms capable of forming them, and 
(hey have many proper I, i(}s in common with enzymes. The ability to form 
loxins is <>n<} (hal, is posscsscid by relatively few bacteria, the best known 
being the diphtlu}iia and tetanus bacilli, Clostridium hotulinum and the 
oigairisrn of symplomatic- anfhrax. These substances are, by a wide margin, 
the most pol,(}nl poisons ka()wn. There is no explanation for this pro- 
nouncjcd toxicity, for the soluble toxins do not differ obviously from other 
plant and arnrnal proteins. Some of the pathogenic bacteria synthesize 
other substaru'cs termed hemolysins which bring about the dissolution of 
red blood c^ells. I'hcsc substances also appear to be proteins. The cell sub- 
statKJC of sonu} ba(}ieria, such as the cholera vibrio, some of the dysentery 
bacilli and others, is toxic upon injection presumably because of the pres- 
eiu^e of iritrac-clhilar or endotoxins. The endotoxins differ in a number of 
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ways from the true toxins, and there is some (jiu'stion as to w{M‘th<4' files 
represent toxic substances syntliesized by (lie ba(^f(‘ria or wia^fher th<‘ tox- 
icity of the bacterial cells is a result of the (l(M-ornf)osil ion <if hatMiuial 
protein to toxic split products. The important subj(H*(. of ha<-J(‘rial toxins 
is discussed at length elsewhere (Chapter 8). 

The Physical Effects of Bacterial Growth. Ihith In at and light 
may be generated by bacterial growth. It has been point<‘d out (^arlitu' tliat 
bacteria use only a portion of the energy mad(^ availabh^ by tlie <ixi(lation 
of organic compounds, the remainder being Iibeiat<‘d as heat. When eir- 
cumstances are such that the heat cannot cse.api^ as last, as it is generated, 
the temperature of the bacterial environment, risers. 'Vlu^ ris(‘ ma> be eon- 
siderable; the heating of manure piles and dump hay in which bacterial 
decomposition is proceeding actively may bring thcan to tiunpiu’at arcs as 
high as 70° to 75° C. Under such conditions th<^ tlaa’iimphilie haidiaia 
become active and maintain these high temp(a*atur(\s. 1 1 has betui suggixst <‘d 
that spontaneous combustion may result from ba(‘.l('rial uciivity, hut this 
seems improbable. 

The phosphorescence sometimes observed u|>on (h^caying fish and meat 
is due to the growth of light-producing baebiria. Th(^ photogimii’ baetiu'ia 
are found most commonly, though by no moans (xxc’.lusively, in sea waiter 
and upon the bodies of marine animals, and a considerabh* number of 
species have been described. Sodium chloridi^ and magnesium ehloridi' 
favor the growth of these phosphorescent bac.l,o:ria, and om^ or tin* <dher 
of these salts is essential to the production of light. Lumiiuxstuuiet^ is ap- 
parent only in the presence of oxygon; broth (uill.unxs from whiiii dissolvt^il 
oxygen has been exhausted by the respiral.ory activity of tht‘ organisms 
may be made to glow by shaking. Biolumiuescauua^ in (‘(aiain <‘ruHtu(*ea, 
such as Cypridina, results from the oxidation of a suhslaiu‘i% lueiferim b> 
molecular oxygen in the presence of an cnzyrru‘, lu<aler4is<‘. Ih‘<\sumably a 
similar mechanism accounts for the production of light by th(‘ luminous 
bacteria, but neither luciferin nor luciferase has binui isohitt‘d from thtxse 
organisms 

BACTERIAL ACTIVITY IN MIXED lAJLTUUKS (BVC/I'EIUAL 
ASSOCIATrONio«) 

Although the relatively precise knowledge whic.h has made* possible Ibi^ 
development of bacteriology as a science has been gaiiunl through the 
study of bacteria in pure culture, it must not be forgotten that in nature 
a pure culture is the exception rather than the ruh^. Actively dei^omposing 
organic matter, for example, contains a great number of bacterial spe<*i(XH, 
and a diseased animal may, and usually does, harbor a varied y of micro- 
organisms. The responsibility for a given phenomenon has, in many (*astxs, 
been fixed upon but one kind of bacterium present in the naturally o<‘- 
curring mixture, the remainder having no apparent signitiejauca*. llu* grtait 

Harvey: Living Light Princeton University Press. Princeton. 1910. Also, Ann, Bov. 
Biochem., 1941, 

cf. Holman: Bacterial Association. Newer Knowledge of Bacleriologv and ImmmmkHlY- 
University of Chicago Press. Chicago. 1928. 



Bacterial A niagon isms 131 

majorit y of iriltM^t ious diseases are plienomeiia of this type, and it is pos- 
sihl(% tlicreh)r(% to spt^ak of a ^ivtai bacterium as the causal or etiologic 
agcmt of su(‘li a dis(nis(‘. Similarly, one microorganism may be shown to 
he rtisponsibk^ for oru^ kind ()f fermentation while another takes place as 
the r(^sult of lh<^ a<‘l.ivity of a <|uite different bacterium. Modern bacteri- 
ology ckiarly n^sts u{)()n t.lu^ generalization that may be made from these 
fa<^(,s, the <‘.on<u^pt of st)e(l(ic; microbial etiology. But is this the whole 
story? it may ix^ (isk(xl, first,, wiiother the microorganisms present in a 
rnix(xl cultun^ ai'c passive with respect to one another or whether one 
st)e(a(^s is air(x^t,(xl, cfit,h('r lulversely or hivorably, by proximity to other 
ac,tiv(^ly rnidabolizing forms; an<i, second, whether or not a given phe- 
nom<xu>n for wlu<^h no single sj)e(ries can be shown to he responsible may 
result from th<^ t^ombiruxl a<*,l,iviti(‘s of a heterogeneous group of bacteria. 

Bcii<di<5ial AHs<><*iulions.-~ With regard to the first of these questions, 
ha<;l.(x-ia huv<‘ b<‘en found l,o ivxhibit the various degrees of relationship 
known to (^xist, among ( he higher forms of life. Examples of symbiosis, a 
relation in wliiidi t fuaa^ is nml,ual benefit, are rare among the bacteria, but 
nielahiosis or cornrtiensalism. In whicdi one member benefits while the other 
is unafhx^.iMl, is (Miimnouly observed. Perhaps the most obvious example 
is lh(^ growf h of an obligal,<i anaerobe in mixed culture with an aerobic 
organism. 'TIk^ Ial,(,<‘r us(;s up the oxygen in the immediate vicinity, thereby 
allowing th(^ ana(u‘ol)(‘. to develop. Sporulating anaerobes are sometimes 
(Uirriinl in <!ull.ur(^ wif h a non-sporc-formiiig aerobe, for subsequent sepa- 
ration by lu^at is rc'iudiiy U(UM>mplished. In the breakdown of cellulose in 
th(i soil, tiu^ prdiminary fiydrolysis by the cellulose-decomposing bacteria 
yi(d(is gIu<x)S(^ wlu(‘li may be utilized by a variety of organisms present 
whi(di ar<^ unahk^ to bring about the initial hydrolysis. Similarly, the 
hydrolysis of protein matc^rial by proteolytic bacteria liberates amino acids 
whieii may ho furl, lux- decomposed by non-proteolytic forms. 

Ba<qerial An lagonismsd^^ — Bact(X‘ia] antagonism or antibiosis is also 
of (common ocxuirreuKU'. F(x-rn<ud alive and proteolytic types of bacteria 
gciux-ally do nof, prospex* (upially well in mixed culture. As pointed out 
previously, th(5 ba(i,<xial proteas(\s are for the most part tryptic in nature 
and work Ixjst in alkaline} e}nvironments. The acid reaction resulting from 
tlui f<}rme}ntatie>n of (iarbohydratc is distinctly inhibitory to these organ- 
isms, a fa(}t wfiie^h has b(}(}n the basis of attempts to replace the proteolytic 
flora of llu} large} in.l,(}stin(} with an aciduric flora consisting of organisms 
su(;h iiH Laclobaeillus acidophilus.'''''^^ The formation of ptomaines or complex 
aminc}s, whe)sc absorpliou presumably leads to “autointoxication,” by the 
prot(}e)Iy(,i(; e)rganisms is llxercby suppressed or prevented. Numerous other 
exampkis of bacterial antagonism have been reported, many of them ap- 
parently sorruiwhat more spccjific than acid inhibition. The well-known 
ov(}rgr<)wth of the diphtheria bacillus hy Staphylococcus aureus is probably 

WakBman; Microbial Anlagonisms and Antihiolic Substances. Commonwealth Fund 
New York. I94.'>. 

’10 Cy. and C^lieplin: The Intestinal Flora with Special Reference to the Implan- 

alion of^'Baaillas acidophilus.'** Yale University lYess. New Haven. 1921. Also Kopeloif : 
Lactobacillus acidophilasT Williams <& Wilkins Company. Baltimore. 1926. 
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the result of an antagonism. Other organisms are similarly antagonistic^ to 
the diphtheria bacillus; in mixed culture with Fri(Minin<l(a‘\s p!i<aunolau*i!lus, 
for example, no diphtheria toxin is formed, and mixed infect ions with 
these two organisms usually run a mild courses Both Barfpumn roll and 
Bacillus mesentericus are antagonistic to the cliphtheria hac'illus, but. c^thca* 
organisms, such as the typhoid bacillus, may havt^ no (dIVet, BuriUm mes- 
entericus, in turn, is without elfect on a variety of olluu’ haederia. Although 
antagonistic to the diphtheria bacillus, Slaphylocoents aureus is itsedf 
markedly inhibited by the pneumococcus. Many similar e\ami)lt‘s of an- 
tagonism have been observed among the colon-typhoid group of baetca ia, 
such as that between Bacterium coli and the dyscaPe^ry bueilli. It, is not 
unlikely that such relationships contribute in part l,o nat ural r(\sislan(*(^ to 
some kinds of infectious disease. 

In general, non-spore-forming pathogenicj bacd.iU’ia ar<‘ (dostdy adaptcnl 
parasites unable to maintain a saprophytic? exist, (uu't? in naturts and per- 
sist for only a limited time apart from the host, d'his faihire to surv ive is 
due in part to an unfavorable physical environmeul. and in part to an in- 
ability to compete successfully with the free-living mic roorganisms. Fur- 
thermore, it has been found that the free-living forms ar(\ in many in- 
stances, actively antagonistic to such j)ath.ogens as wedi as oeeasionally to 
one another. Thus the typhoid bacillus will survive? two to four wcH'ks in 
sterile water but less than a week in tap water, and cli<*s out. c‘V(‘n more* 
quickly in raw river or canal water. Similarly, the pathogens disappe^ar 
relatively rapidly from soil when deposited there by (diminution from the* 
infected individual or earth burial of persons dying of infcHdious dis<?asc‘; 
there is, therefore, no hygienic objection to earth burial, din? rate of dis- 
appearance of such bacteria is in part a function of the? t.<anpca'atur<\ low 
temperatures tending to preserve them. It may be marktsdly aee(?Ic‘rutt*d 
by successive inoculations of a plot or samj)le of soil, a proec^ss whicdi 
increases by selection the relative numbers of those mie-roorgarusms wd»ieh 
feed upon or specifically destroy the inoculated bac^leria. 

Because of its rich and varied population the soil has proved a prolific* 
source of antagonistic microorganisms even without the? c^nricdimcait of 
repeated inoculation.^^^ The method of isolation of antagonists for a par- 
ticular bacterium is relatively simple. An agar plate is sidlic?icmtly ht*avily 
inoculated with the bacterium to produce a uniform film of grewth and 
then streaked with soil. After incubation it will be found that the? plate? 
is covered with the film of growth of the inoculated bac?t(?ria togtdiu?r with 
colonies of microorganisms from the soil inoculum. Colonic?s of inic^ro- 
organisms antagonistic to the bacterium will be surrouudc?d l>y a cdc?ar 
zone in the film of growth in which growth has been prcjV(?ntecL Hindi col- 
onies may be picked and the microorganism subjected to whaic?v<?r further 
study is desired. MicrocDrganisms which are antagonistic, to hac?tt?ria are 
sonaetimes other bacteria, but more often are higher fungi, molds and 
actinomycetes. (For the antagonism of higher plants to bac;t(?ria sc?c? p. 295.) 

111 Waksman and Woodruff: Jour. Bact., 1940, 4d;58L 

112 See Waksman: Bact. Rev., 1941, 5:231; Amer. Jour. Pub. llealtb. IM4, 
and ref. 109. 
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I he Siil>s lances — Jjivtjsligulion of antagonistic micro- 

organLsins liiLS shown that in many instances the antagonistic effect is due 
to the activity ol a substance formed by the antagonist which is toxic for 
the alb^ctcHl fKU'.t.eriinn. ".riiese substances have been termed antibiotic sub- 
,s'lances or anlibiolKus l)y Waksman. Such substances have been known for 
many yeixri\, tfi<^ first,, pyoe,yanin, having been isolated by extraction of 
“i)lu(^ pus” in I860 before the causative bacterium, Pseudomonas- pyocy- 
aliens^ was dis<;ov(^red. Many others are now known. In general they are 
rnorc^ (i0(5(^t,ive on gram“{)osil,ive bactciia, and differ from one another with 
r(vsp(H*,t to tiuHr relat,iv(‘, t,oxicity for various species of bacteria. Their 
(ih(nni(;al properthis indi(‘,ate that they arc of diverse nature, including 
polyp(iptides, suKur-c.ontainirig compounds, lipids, pigments, quinones and 
organic*, l)as(\s. Borne [rave bcien prei)ar'ed in crystalline form and in a few 
cas(\s t.lu^ st.ructui’o is known. These substances have become of greatly 
inc^reascul interexst, in rcuuMit, years sincjo it has been found that, while some 
urr highly t,oxie, to nran, others are effective chemotherapeutic agents. 

Atilihiolic SubwUitu'cs from Bacteria. — Pyocyanin and Pyogy- 
AN Asn. —llie b(%st known antibiotic substances of bacterial origin are those 
pr’oduc^cMl by tKs'eiidomonas pyo<yaneiis and by aerobic sporula ting bacteria 
of (hci genius Bacillus, /^s•. pyocyaneus forms two substances having anti- 
l)ioti<; act ivity, (,h(^ cihlorolbrin-soluhle phenazine compound pyocyanin (p. 
128), and a substati<‘,<‘, known us pyocyafiase, which appears to be a lipid, 
wh<)sc‘, ae,tivil,y is associa l cnl with the presence of unsaturated fatty acids in 
th(5 rnoIcHuilc^. A ( hir'd subs(,an<*,<i which also shows activity may be isolated by 
ether extr'acd, ion; I bis is a yellow pigment, hemipyocyanin, and a derivative 
of pyocjyanin. lliesc^ sul)s(,auces ar*c all relatively toxic to higher animals.^^^ 

IVrioTuiucuN. — An alcohol-soluble, water-insoluble polypeptide having 
antibiotic aedivity, whidi he nairuHl tyrothricin, was isolated by Dubos’^^® 
from a gr*am-posil,iv(^ arirobic sporulating bacterium, Bacillus brevis. 
Furtluir inve^stigation rnadr^ povssible its separation into two components, 
gramicidin and iyrocldin, of sonuiwhat different properties though both 
contain “unnutui'af” amino aidds of the d series.^^® Very similar, possibly 
identiiud, suf)s(,an<;(^H hav(‘ Ixhui Lsolatcd from similar bacilli by a number 
of workcr's,’^^ arul bacteria such ixs Bacillus subtilis, Bacillus mesentericus, 
ct(^, also show activity but have not been studied in detail. 

Ariiibioti<? Siibstaticcs from Actmomycetes. — A number of anti- 
biotics substances liuvc*, bcicn isolated from actinomycetes (p. 599), especially 
fry Waksman and his cjo-workcrs. The more important of these may be con- 
sidered bricdly. Tire fir'st to be iseffated were actinomycin A and actinomycin 
B, isolated fr*om cuH-ures of Actinomyces aniihioticus.^^^ The two substances, 
soluble in or'garric solvents, were both prepared in crystalline form, and 

WakHinim aa<l Woodruff: Jour. Bad., 1942, 44:373. 

114 Pqj. raamt studwH hoo Solaxsntal: Brit. Jour. Exp. Path., 1941, 22:137; Stokes, Peck 
and Woodward; fVoc. Soc. hkp. Biol. Med., 194-2, 5/:126. 
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the former found to be markedly baeleriostatie and wt‘aki> l>aet(Ti<‘i<IaI, 
while the latter was chiefly bactericidal. Both ar(‘ hi^ddy loxit^ to higlun' 
animals. Aclinoniycin A is a red pigment and appt^ars to he a |M>Iy<-yelit‘ 
nitrogen compouiid; it is usually rclerred to simply as aetinoiny<*in, 

Streptothkxcin and STJiEPTOiviYcrN.- "—A subslane(‘ (l(‘signale<i^ sirepio- 
thricin was isolated from cultures of Actinomyceii laiYndularJ'^ 1lus ma- 
terial is soluble in water and acid alcohol but not in tdher, and appears to 
be an organic base. Its toxicity lor higher animals is low. \ v(‘ry similar 
substance, streptomycin^ was isolated from Aefinoniyiu^^ (jnsetis ami appears 
to be a closely related compound. 

Antibiotic Substances from Molds. -IhJNK .naJN. ( )f t h«‘ antilnoti(* 
substances produced by molds, penicillin, found in <udtur(\s of Pcnicillinm 
notatum and produced to a lesser extent by certain oIIut penieiliia such as 
P, chrysogenum, is by far the best known. This is larg(dy b(‘eause it is highly 
bacteriostatic and almost completely uon-t-oxie, for hightu’ animals and has 
been found to be a highly effective chemotluaaptMil i(* agent, It was first 
found by Fleming ^22 1929 hut its j)ossibilities W(a-(‘ myl appr(Maat<^d until 
the work of Oxford chemists^^^ in 1940. Peni(‘illin is readily soluble in waltu* 
and is extracted from acidified aqueous solution with (d luT or amyl acetate, 
and may then be taken out of the organic solvent by shaking with dibit (* 
bicarbonate or barium hydroxide solution. 14 may Ix^ purifitai by (diroina- 
tographic adsorption^^^ and the sodium and barium salts are stablt* in thi‘ 
dry state. Some of its properties are des<‘<rihed by Abraham, (dun*n and 
Holiday^^® but details of its naUiro have not as yid, Ixxm made available in 
published form. Bacteria exposed to the ae-tion of pimiiallin htx’ome (en- 
larged and swollen and fail to divide — direct (whleiuae of its baet(Tioslatic 
action.^^^^ It is most active ou gram-positives baedeuaa. Tlue penunllins from 
different strains of the mold diller slightly in their action on various 
species of bacteria and in certain other minor nesptxUs. Tlinne typt'S or kinds 
have been recognized, and are known in this country as F, (i and X, and in 
England as I, II and III. 

Standardization . — The antibiotic activity of pcmiedllin is asHuyexl by 
inhibition of growth of standard strains of staphylo(toc<n. (irowth may he 
measured by the turbidity of developing broth (uiliur(\H, but tin* most 
commonly used method is that developed by the Oxford group and maktis 
use of inhibition of growth on agar media. It cotivsLsls of th<^ inoculation of 
an agar plate so that a uniform film of growth will dewdop; small (cylinders 
of glass or porcelain are set end down on the iiKKudabHl surfma*. One is 
filled with standard penicillin solution containing otu* Oxford Unit per 

“^Waksman and Woodruff: Proc. Soc. Exp. Biol. iVli^d., P)42, 49:207; Wiikmman: 
Jour. Bact., 1943, 46:299. 

Schatz, Bugie and Waksman: Proc. Soc. Exp. Biol. M<«1., 1914, 55:6h. 

121 Of. Florey and Florey: Lancet, 1943, te:387; CominitUM^ on Clu^motherapeutic 
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^22 Fleming: Brit. Jour. Exp. Path., 1929, 10:226. 

128 Chain et aL: Lancet, 1940, i:226. 

124 See Abraham e/ ah: Lancet, 1941, 1:171; Challinor and MacNaughtuii; hmv. Path. 
Bact., 1943, 55:441. 
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(Uihic and Ilia ntlua’s with varying dilutions of the unknown. 

/\f((a‘ in<aihation (h(nc is a <^lear zone of growth inhibition around the 
(^ylin(i<TS, about 21 niillitiu^ters in diameter in the case of that containing 
th(i s(andard solution. The. Oxford Unit is, then, defined^^'^ as ‘‘that amount 
o( p(‘,ni<‘illin which wiuui (lisHoiv<j(l in 1. c.cm. of water gives the same inhibi- 
tion (nc., ar(^a) as (his standard.” A tentative International Unit has now 
bee!i adi)pl<Kl^“^''* wlfnii is d<dined as the activity of 0.6 micrograms of the 
pun^ <a*ysl.allirni sodium salt of penicillin TI or G, a quantity of which is 
availabhi as a stamlard. Uhis unit closely approximates the Oxford Unit. 
Pr(^s(m(, <‘,ouuner(Mal pr(^parat.ions arc as yet relatively crude and contain 
1 50 1,0 1 60 ( )xlord Urn Is pin* milligram in contrast to the crystalline prepara- 
lions whi<‘h corUain 1650 Oxford Units per milligram. There is as yet no 
s(,an<lar<l nndhod of assay of (he aedivity.^^^'^ 

Subslanccss v(ay similar to pcaucillin have been found in other molds; 
Jlavlcldln, t>rodu<‘.(Hl by Aspenjfilhnf Jlavm, is one of thesc.^^*^ 

Notatin. " -^ A se<‘ond anlibiotic*, substance produced by P. notatum was 
described indc:p(aHhm(,Iy by British workers’^*^ as notatin and by American 
workcjrs as f)en(illn^-^ and penicllllti It dilfcrs from penicillin in that it is 
insoluble, in orgatu(‘, solvxnils and is ac(,ive only in the presence of glucose. 
It appcMirs to b(^ a (lavoj)rol,ein, producing hydrogen peroxide from glucose, 
and I h<^ p<u’oxid(^ is r(\sf)()nsibl('i for il,s antibiotic activity. 

In a<l(lili<)n l.o p<‘ni<iirm and notatin, a wide variety of antibiotic sub- 
stanc(\s have betm found (,<> be prodinuxl by molds. Some of these are: 

Acid. • -This sul)s(,ancc is produced by Aspergillus flavus^^^ 
and is ac(.iv(‘ agiunsl. bolh gram-positive and gram-negative bacteria. It 
is an arnphobnie subsl,atu*(% solubhi in alcohol, ether and acetone but not 
in pel.rohmm <d.her, and i(.s (nnpiric^al forrmda is C 12 H 20 O 2 . It is very toxic 
for higlnu’ 4Uiimals. 

Pi^2Ni<in>HNr. This substancci is also active against both gram-positive 
and grurn-n<igaliv<i bac(,{uia and is produced by a number of species of 
f^enirllllnrnA^^’^ It is (Extracted from culture fluid by ether at neutrality and 
proc,ipita(,(^d from el.luu’ solution by the addition of petroleum ether as 
a y<d[ow oil. Little is known of its nature. 

Pknicilcio A<:ri>. Idiis substance is responsible for the antibiotic ac- 
tivily of som<^ spcunc^s of Panic illiurriy notably P. puherulum}^^ and, in 
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contrast to penicillin, is most efTective against grani-iu'gat ivc ha<i(‘ria. 1 1 is 
water-soluble and has been isolated in colorless erystalliru* (orin and found 
to have the empirical formula C8H15O4. Two otluu* mtdabolift's of puher- 
ulum^ puberulic acid and puberulonic acid, arc also hacteriostat ir. I ht‘ 
former has been isolated as a colorless, crystalliru* dihasi<‘ a<‘id with the 
empirical formula CsHeOe, and the latter as bright y(‘lhm prisms w ith th(‘ 
formula CsHiOe. Puberulic acid appears to b(^ a (luinonoid an<I puherulii* 
acid the corresponding quinoU*'^'^ 

Glavagin (Patulin). — ^This substance was isoiattnl from Aspenjillu.s 
clavatus and named clavacind®^ and later IVoxn f\*iiirillium pafalurn and 
called patulin;^^® the two were later found to Ix^ id(ni(ieal Ttu* name 
tercinin has been used as a synonym for patulin. It is most a<*(ive against 
gram-negative bacteria. It is soluble in etlx^r, <‘-hloroiornn aleolioi and 
water and has been shown to be anhydro-3-hydroxynu‘( llyh‘ne-ttd^alt>dro- 
T-py^one-2“carboxylic acid. It shows greater ba(*(.<x‘i(’i<ial a<ttivit> than 
most of the antibiotic substances. A substane.e isolalcxl from Penirillitirn 
claviforme^^^ and named claviformin has been fomuh’^^’ t<» ht' identical with 
clavacin and patulin. 

Fumigacin. — This substance has been found'**^ in (udt ures of AspvrpiUtis 
fwnigatus and is active on gram-positive bacteria. It- is soluble in al<*ohol 
and sparingly soluble in water and has been isolahxl in (X’ystalliiK* form. 
A substance designated helvolic acid has bt^ou IsolahHl fnun (hi* name npe- 
cies of Aspergillus^'^^ but its relationship to fumigaein is not (d(‘ar. 

CiTRiNiN. — This substance is formed by Penicillimn cilrinurn and aiis 
on both gram-positive and gram-negative baiMeria; It. is sohiblt^ in water 
and in alcohol and appears to be an organic base.’ 

Fumigatin and Spinulosin. — These substaru5c^.s w(a*(* isolaftxl from exiU 
tures of Aspergillus fumigatus and Penicilliani spinnlosiirn r<‘Hp(‘eti\ely 
Fumigatin has been found to be 3-hydroxy-4-meth(>xy-2,5-toIu(iuin(me aii<! 
spinulosin is 6-hydroxy fumigatin. Fumigacin is t,h<^ moni aed ive suhstanei* 
and is effective against Staphylococcus aureus, the anthrax batnlhis and t he 
cholera vibrio. 

Gliotoxin. — This substance is produced by (Hiocladumi Jihriuiuni ami 
some species of Trichoderma}^^ and has also been found admixed with 
fumigacin in cultures of A. fumigatus. It is soluble in (Iiloroform and benzol 
alcohol and sparingly soluble in water. It has been isolated in (^ryslallim* 
form and found to contain both nitrogen and sulfur and possibly an 
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iiidol niK'leiis. It is efleclive on both gram-positive and gram-negative 
bacteria. 

All of the antibiotic substances are much more active, i.e., bacteriostatic 
in higher dilul ions, than the sulfonamides, though less active than the dyes 
(p. 68). As point, ed out earlier, they have been of considerable interest 
because ot their possible utility as chemotherapeutic agents but the major- 
ity ai’c too t.oxic lor parenteral inoculation in higher animals, the outstand- 
ing exception being penicillin and possibly certain others such as strepto- 
thricin. The nujc-hanism by which they inhibit bacterial growth is as yet 
(M)tnpl(d,(',ly unknown except in the case of notatin. 

BaeU'irial SynergisinJ'*'^ — Association between bacterial species often 
alfec'ts the organisms in such a way that the ability of the individual spe- 
(‘.ies to decornjK)se organic compounds may be modified or extended. This 
pbenonuuion, termed bac,tcrial synergism, is sometimes qualified into 
“antagonisl iif ’ and “beneliceut” synergism, but since the majority of the 
cJiangcs whicii iudi(5al,e tlie combined work of two or more bacterial species 
(‘.anuot b{'! (construed as eitlicr favorable or unfavorable to the microorgan- 
isms, this distinction is often a dilTicult one to make. Perhaps the simplest 
(^xampl(\s of synergism are those in which the enzyme system of one or- 
ganisiti supph'uuMits that of another. A mixed culture of a streptococcus 
whi(di (crrtuuil,s la(‘,tose to acid but no gas, and one of the paratyphoid 
ba(‘,illi which do not fernuint this sugar, in lactose broth produces an acid 
and gas lerrruuitation. Similar results have been obtained with rnixed 
c.ultuix^s ol non-suc,ros(^-f(jrmcnling Bacterium coli and streptococci fer- 
menting su(u‘oso to a(ad. Tn sucii cases the colon-typhoid organisms further 
<>xidiz(^ (,h(^ split pr<)du(d,s resulting from the decomposition of the disac- 
(dunide (,o gas. Probably similar complementary action is the basis of in- 
creas(Hl yiedds of ()ropioni(‘, a(ud in mixed cultures of propionic acid bacteria 
and hndic; a<a(l coexd ovcir that obtained with the propionic acid organism 
alone. Other <hH‘,()mf)()sitions, however, arc not so readily explained. Cellu- 
lose, for ex<unph‘,, is often much more rapidly decomposed by bacteria in 
rnixt^d cailturc^ than it is by component cellulose-decomposing organisms in 

pure culture. 

The (M)ui-s(i of decomposition may be qualitatively different in mixed 
cultun^ from that in pur<i culture. It has been shown, for instance, that 
the a(U}ton(sbutyl alcohol fermentation of Clostridium pectinovorurri is 
transfornuMl in(,o a lu(d-ic acAd fermentation by mixed culture with Bacillus 
wlaians. A considerable number of pairs of organisms have been shown 
to prodinse gas from (carbohydrates in mixed culture when neither mone 
is able to bring about this change, and similarly, mixed cultures of CIOS'- 
tridiarn chaavei and Bacillus paralactici form butyl akohol from glucose 
although neither alone could produce this change. This ability <n mixe 
cultur(is of biuiteria to bring about changes of which none of the 
poticnl, spc(‘ics is capable is* of interest in connection with the concept o 
erncrgcnit evolution. 

See th(i nwiew by BurrowH: Symrgislic Aspects of Bacterial Populations. Biol. Symp- > 
1942, ^:a<) 
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One consequence of bacterial association has been of considerable in- 
terest in regard to mixed and secondary infections^^^— the alteration of 
the virulence of a pathogenic bacterium by association with other inic.ro- 
organisms. This alteration may be either a decrease or an increase in tlie 
pathogenic powers of the organism. The mild course of mixed infections 
of the diphtheria bacillus and Friedlander’s bacillus has been referred to 
above, and in this case decrease in virulence is presumably due to inhibi- 
tion of toxin formation. It is well known that inoculation with soil con- 
taining anthrax spores does not always produce the disease cveti though 
pure cultures isolated from the same soil are highly virulent. This apparenf, 
decrease in virulence is thought by some to have its explaTialioii in (lu^ 
stimulation of the defense mechanisms of the animal by the extraneous 
bacteria present in the soil. On the other hand, virulence may oflen be 
increased by inoculation of a pathogenic organism in mixed culture. ''Flui 
mixture oi Bacterium prodigiosum, a non-pathogenic form, with the ba(ullus 
of malignant edema increases the virulence of the latter so that sublethal 
doses for experimental animals become fatal. Similarly the virnl<^nc,<^ of 
the hemophilic bacteria (Chapter 24) is readily raised by inocuilation of 
the experimental animal with mixed cultures. One of the most intc^ri^sl.ing 
examples of the effect of microbial association on virulent*, c is that of swint^ 
influenza, in which it has been shown that the disease is produtuKl through 
the combined action of a bacterium and a filterable virus, ueithtn* of whitdi 
is able to produce the disease by itself. Phenomena such as this snggtvsl 
that the etiology of some diseases may be a complex matter. 

Knowledge of bacterial associations and the mec,haihsms whi<*h giv(" 
rise to the observed results is in an unsatisfactory stahi. hlxpcrinuinlal 
evidence is fragmentary, not in the sense of paucity of observation th(* 
literature on the subject is a voluminous one — but bcciausc of a <un t,ain 
discontinuity which makes generalization difficult if not impossibh^ Tin? 
interpretation of experimental results obtained with pure cull,ures is ol'l tui 
difficult, and when mixed cultures of two or more dilferent organisms arc* 
used, the difficulties are greatly multiplied. The loose use of tcjrminology 
(some workers use symbiosis, metabiosis or commensalism, and syruugism 
synonymously) is no doubt an inevitable consequen(;e of la<4i of knowl<‘dg<* 
of the mechanisms involved. In spite of all this, however, the ehuuda tion 
of many phenomena brought about by bacteria under natural condilions 
probably lies in the development of knowledge of the assoc, iation of th(*s(^ 
organisms with one another. 

It may be noted in passing that bacteria may live an associative exist- 
ence with higher animals and plants. Symbiotic nitrogen fixalion and ihr, 
relation of the cellulose-decomposing bacteria to their herbivorous animal 
hosts are among the more obvious. Infectious disease of man is, of course* 
an example of antibiosis or antagonism. 

Ztachr. f. d. gos. Kxpor, Med., 1926, ,^0:11. * 



CHAPTER 6 


BACTERIAL HEREDITY AND VARIATION 

Bofoi'e the development of methods of isolating bacteria in pure culture 
many observers regarded these organisms as members of a markedly homo- 
geneous group, possibly of but a single species, which showed a high degree 
of morphological variation. The interconversion of coccus, bacillary and 
spiral forms was considered to be of common occurrence and, in conse- 
quence, the observed morphological differences among the bacteria were 
held to be of no significance. This doctrine, designated as pleomorphismi 
reached its height with Niigeli' in 1877, who postulated but a single species 
to which all bacteria belonged. It should be noted that the term pleomor- 
phism included not only morphological variation but equally facile altera- 
tions in virulence; the innocuous hay bacillus (Bacillus subtilis), for ex- 
ample, presumably could change suddenly into the highly virulent anthrax 
bacillus. 

dMui development of pure culture techniques by Koch and others swung 
the pendulum l,o the other extreme, and the doctrine of monomorphism 
beciame predominant. It was held by Koch and other extremists, whose 
camp the great majority of bacteriologists soon joined, that a given bac- 
terial speci(is existed in one and only one form, and that aberrant forms 
were either evidence of cotitamination of the pure culture or were the so- 
callcKl involution or degenerative forms which were dead or dying and 
therefore^ had no significance. This monomorphism was confined largely to 
hacjterial form and, although abrupt changes such as the conversion of the 
hay l)acLllus to the anthrax bacillus were denied, alteration in the virulence 
of pathog(iJii(; bacteria was not regarded as inconsistent with an absolute 
constarK^y of form. 

Despitcj the currency of this extreme monomorphism, evidence began to 
accaimulatc whicdi irrdicated that, though most bacteria showed a remark- 
abhi (ionstancy of form, morphological and physiological variation of these 
organisms is not uncommon. The last twenty or thirty years has seen the 
<l(W(^lopmcnt of an extensive literature on this subject. Much of the evi- 
dence whicdi has accumulated is of just sufficiently inconclusive character 
that widely diOTcrent interpretations may be made. Contemporary workers 
fall into two groups in this respect: the conservatives, a group which in- 
cludes the majority of workers, who still adhere to the doctrines of Koch 
and his school in a modified form and who accept the well established 
variations as observed facts whose full significance is as yet not apparent; 
and the radicals, who profess to see evidences of complex life cycles, con- 
jugation, sexual reproduction and kindred phenomena in the reported 

1 NuKt^li: Bie niederen Pilze in ihren Beziehungen zu den Infectionskrankheiien und der 
Cesandheiispflege. Munich. 1877. 
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observations. It is not improbable that a sound interpretation lies sonu.-- 
where between these views. 

The biological significance of observed variations and their relation to 
similar phenomena occurring in the higher forms ot life are difllcull to 
assess. The difficulties stem in part from a strong tendency to regard 
bacteria as somehow “different” from other living organisms. This iniier- 
ently sterile concept has arisen partly because of the absence of a mor- 
phologically discrete nucleus in the bacterial cell, par*tly because flu‘ 
characteristics of bacteria which vary are generally not directly compai‘abI(‘ 
to the genetically determined characters which are studied in (he highei* 
organisms, and partly because the bacteria are subjeiit lo the infliien<‘,e of 
unique environmental factors. 

The apparent lack of a nucleus precludes the use of cytologic-al (duvh- 
niques so essential to the understanding of the genetics of the higher organ- 
isms. Although some workers^ have postulated arrays of genes in the 
bacterial cell, the existence of such structures has not been demonstrat(‘d 
beyond doubt. As long as the genes of a bacterial cell exisl. only in (.(uans 
of a hypothesis which many workers regard as doubtful they (uui hardly 
be made use of in the study of bacterial variation. 

The differential characters which serve to distinguish bacderia from oihj 
another are, in general, of a greater degree of fineness than those whiidi 
the biologist is accustomed to use. The bacteriologist is concerned wilh 
characters not as gross as the red and white eyes of Drosophila but, whic.h 
might be considered analogous to the individual enzyme sys(.(^ms operative' 
in the formation of red and white eyes. When such characd.iu's hav(^ no 
counterpart among those known to be of fundamenlal signifuuuKu^ to 
higher organism, and most if not all of them as yet have nol,, it is (^xtrt'nndy 
difficult to judge whether they are of deep-seated imporlan<5e (.<> c(dl or 
whether they are biologically trivial. Loss of virulence by a pathog(mi<^ 
organism, while of great practical importance to its prospective host,, may 
be of only minor significance to the bacterium. Analogies are, then, dilhinilt 
to draw and are always of doubtful validity. 

Not only are the environmental factors which allect the ba<;terial (^ell 
to some degree peculiar to unicellular organisms of mimitc dinuuisions, 
but the essential obscurity of the bacterial environment is, to no small 
degree, a consequence of the limits of human imagination. Sonui aspeuds 
of this bacterial environment are known. For exam])lo, the trerm^ndously 
exaggerated effect of surface tension on objects as small as bacdcuda must, 
profoundly influence bacterial form. The continuous molccuilar bombard- 
ment to which these organisms are subject and to which, bc(UAu.s(^ of IfH'ir 
small size, they respond with the dancing motion of brownian mov(anmd,, 
may be a factor which influences their structure and rigidity of form, 
predominance of interfacial phenomena in the bac/terial world of near- 
molecular dimensions undoubtedly contributes to its gemual <diara<d(a'. 
There is evidence, for example, that hydrogen ion aedivity^ and njdmdng 

2 Cf. Lindegren: Centralbl. f. Bakt., 193.S, Abt- It, .92;!. I ; ihuL, 193.5, Abt. IL 
389. 

3 Peters: Trans. Faraday Soc., 1930, 2^:797. 
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latensities'^ may be quite different at interfaces from what the observer of 
gross phenomena assumes them to be. The environment to which these 
and undoubtedly other phenomena Jend character is, clearly, an ab- 
stract one, and the interpretation of morphological or physiological 
changes taking place under such circumstances is, to say the least, dif- 
ficul t. 

From these considerations it is easy to understand how bacteria can 
coine to be regarded as “different” without real justification for such a 
belief. 1 1 cannot, then, be emphasized too strongly that, so far as is known, 
bacteria do not differ in any essential way from other living cells and any 
interpretation of variation or other phenomena must rest on a sound 
biological foundation. 

Before discussing the types of bacterial variation which have been 
obser ved, two concepts fundamental to the general problem must be con- 



Pig. 10. — The morphology of Bhizohium. Left, a smear from a pure culture on labora- 
tory media; note the regularity of the “normal” bacillary morphology. Right, smear 
from a clovx^r root nodule showing swollen, branched and coccoid forms, the so-called 
bacteroidcs. Ifuchsin. X 1050. 

sidered. One of the most important of these is that of the “normal” mor- 
phological or physiological state of a bacterium. The anthropocentric 
tendencies of the human mind stimulate the belief that the normal form 
and functions of a bacterium are those which are manifest in culture on 
the ordinary laboratory media. Certain evidence suggests, however, that 
the term normal is but a relative one. The symbiotic nitrogen-fixing organ- 
isms show a relatively constant “normal” morphology on the usual labora- 
tory media, but in the root nodule they are found in a variety of bizarre 
forms designated as bacteroides. Which, then, may be considered to be the 
“normal” form, that observed in the laboratory or that shown by the 
organisms in what might be regarded as their natural habitat? The physio- 
logical differences between bacteria in pure culture and those in the mixed 

Korr: Jour. Cell. Comp. Physiol., 1938. iff:233. 

6 



142 


Bacterial Heredity and Variation 

cultures occurring in nature have been discussed in the previous chapt-ei'. 
Clearly, then, the term normal, although an extremely useful one cannot be 
taken to have real meaning. 

The second concept is that of bacteria in terms of populations. Ihe 
existence of bacteria as population groups composed of enormous numbers 
of individuals places an unusually high premium on the sur vival value 
of any given individual character. A mutation occurring in an individual 
cell may well be swamped through sheer weight of numbers unless it has 
marked survival value. If some form of sexual conjugation takes pIacH% 
as some workers suggest, a character without survival value would dis- 
appear even more rapidly. As will appear, the apparent flexibility in th(‘ 
response of bacteria to environmental conditions may hav(i ils roots in 
such population pressures. 

Fluctuating Variations and Mutations.— l^wo kinds ol bae,t<‘rial 
variability are commonly recognized: 

(1) Variations of the ordinary “fluctuating” types, which ai*(^ dislribut(‘d 
more or less systematically about a modal condition and may ho gi-oujx'd 
in a frequency curve or frequency polygon. As the tcim indic‘.al(\s, (luclu- 
ating variability swings to and fro, oscillating around an av(x‘ag(^ lyt><‘- 
The familiar deviations in human height have their counterpart in similar 
fluctuations in the size of individual cells in a bacterial cult ure. 1 1. has IxMni 
emphasized by de Vries^ that fluctuations remain fixed within (HX'tain 
limits, and that the accumulation of fluctuating variatiotis <^an n(^V(‘r give 
rise to a new quality in an organism or bring about t Ix^ forrnaf ion of a n(‘w 
species. It should be pointed out, however, that sud) flucJuating variations 
may be made to pile up by appropriate selection melh<Kis. Just as otlu'r 
organisms may be selected for a given character-, so ba(‘t(xia hav(‘ Ikhui 
selected for size; the continued selection and cultui*(^ of individual of 
Bacterium coli that were unusually long led to tlx^ establishing of strains 
that grew as long rods and showed no tendeiuvy to l•<‘V(U'l. to tluj sliort 
bacillary form of the parent culture.'^ Such siujcessful sehxUion runxl not 
imply some form of sexual reproduction; difTerent races of otlux* unicidlular 
organisms — protozoa^ — have been obtained by artificial vsrdrxuion without 
any sexual reproduction having occurred. 

(2) “Discontinuous variations,” “sports,” or “mutations,” whi(‘h, on 
the other hand, are supposed to be perfectly definite (;hang(\s whi(‘h arisr^ 
suddenly without the interposition of a series of intcxaruxliatr^ forms, and 
having once appeared, are permanent and show no tendcuKvy to ndurn to 
the mean of the parent form. 

In general, bacteriologists will not hesitate to classify th<^ variat ions with 
which they are most familiar as those of the fluctuating typ(\ The numlxu' 
of these is indefinitely large, and, particularly in sonn^groups, theux^ is 
little doubt that they have been given too great clasBifi(xU{>ry value, as 
compared with precisely similar deviations in higher forms of iir(\ At. tln^ 
same time these biologically trivial differences are often of no small pra<d ical 
importance, as in the study of pathogenicity. 

® de Vries: Mutationiheorie. 2 v. Leipzig. 1901-03. 

® Barber: Kansas Univ. Sci. Bull., 1907, 4;1. 
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The question of bacterial mutation is more difficult. Sudden changes in 
bacterial cultures do occur ; often these changes apparently overstep bound- 
aries of ‘"species” and “genera” formerly thought impassable. Some of 
these changes are reversible; others seem to result in the establishment of 
more or less “permanent” and “new” types of organisms. Many biologists 
stress two criteria in the differentiation of a mutation and a fluctuating 
variation; a mutation is supposed to occxir suddenly and the resultant 
change in the organism to breed true, while a variation is slow and the 
development of new varieties through artificial selection requires many 
generations. Some bacterial changes would appear, then, to be mutations, 
but whether any of them is strictly comparable with the mutations among 
higher forms of life has yet to be determined. 

Adaptations and Modifications. — Bacteria, like higher organisms, 
respond to changes in environment. This response may be manifested either 
as an alteration in the morphology or the physiological properties of the 
organisms. The production of bizai*re forms through cultivation of some 
species of bacteria on media containing large amounts of salt is well known. 
External structures of the cell may be lost, regained or accentuated through 
suitable alterations in the bacterial environment. Capsules are generally 
more readily formed and considerably thicker in carbohydrate media than 
in solutions which do not contain fermentable sugars; flagella may be 
present when a motile organism is cultivated at one temperature but not 
at another, or may be suppressed by cultivation of the organisms in the 
presence of dilute antiseptics; spore-forming organisms such as the anthrax 
bacillus may become asporogenous when cultivated at higher than opti- 
mum temperatures or in the presence of dilute antiseptics, a change that 
may or may not be accompanied by a loss in virulence. 

AUenaaiion . — Alterations in the virulence of pathogenic bacteria have 
been the subject of great interest because of the practical importance of 
this character. Loss of virulence, termed attenuation, is often brought about 
inadvertently by cultivation on artificial media and may be thrust upon 
an organism by cultivation under somewhat adverse environmental con- 
ditions. Cultivation at higher than optimum temperatures, alterations in 
the nutritive elements of or the inclusion of antisera in the medium may 
induce a loss of pathogenic power. Such reductions in virulence may be 
accompanied by morphological changes such as loss of capsule or alteration 
in the arrangement of the organisms with respect to one another, resulting 
in a change in colony appearance as in the so-called “rough” variants. 
These changes in morphology are apparently intimately associated with 
the virulence of an organism, but others, such as the loss to the anthrax 
bacillus of ability to form spores, are not the inevitable accompaniment of 
loss of virulence, since both asporogenous virulent forms and spore-forming 
avirulent forms of this organism have been found. Only careful investi- 
gation can show whether an association between virulence and morphology 
is indicative of an intimate relation between the two or whether it is purely 
fortuitous. The loss in virulence produced by growth in the presence of 
immune serum is often accompanied by an increased resistance on the part 
of the bacterium to the defense mechanisms of the host. Such changes may 
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occur in the animal body; typhoid bacilli isolated IVom chronic (*arri(‘rs 
are often rough, avirulent forms. 

Still another type of change may be brought about in th(^ pathog(uii(^ 
bacterium by its host. A microorganism highly viruhuil for oiu^ animal 
species and considerably less virulent for a second may lx* altiacHl by 
continuous passage through the second animal host, the viruhauu^ for (he 
first decreasing and that for the second increasing as l\u) passagi^ <‘on( ima^s. 
The alteration of the virulence of the rabies virus by adap( ing it lo rabbits 
and the conversion of the smallpox virus (variola) l,o (u>w()o\ (va<‘(*inia) 
by animal passage are well-known examples of t his t,yp(^ of change. Tla^ 
mechanisms operative in the loss of virulence ar-e ()bs<mr(% largi'ly be(‘aus(‘ 
the term itself does not refer to a single character ol' bact(‘ria but rat h<*r to 
the combination of a series of characters, some of which art^ known. 


Drug-Fastness. — ^An adaptation that is, at times, of tluirap<‘ut ic sig- 
nificance, is the development by a microorganism of an iu(X‘cas<‘<i nssistamx' 
to the effects of toxic substances. A microorganism having su(‘h increased 
resistance, particularly to drugs used in the troatnuml ol’ <liH(‘as(\ is said 
to be drug-fast. This adaptation may take plac^e iti vivo wluni an infen^tion 
is treated by successive injections of a drug, or iti vitro by cultivation in 
its presence. The development of drug-fastness is mori^ fnnpn'nt ly observc'd 
in the protozoan diseases, such as trypanosomiasis, than in the bact<‘rial 
infections, largely because effective chemotherapy of bact(‘rial inlVctions 
has, in general, not been possible in the past, though it. has Ixum <)bs<‘rv(*d 
from time to time that Treponema pallidum may be(‘.ome rc^sislant, (<>ars<‘n- 
icals during the course of treatment of syphilis. 

The development of a tolerance of or resistaiuic to Ihv. (‘.lf<‘(ds of clnuno- 
therapeutic drugs has become of renewed interest with t.h(^ wi(l(^spr(Xid use 
of the sulfa drugs. It has been found by a number of work(‘rH that bact(‘ria 
may become sulfa-fast by con tinued cultivation in (lie pn^siauH^ of t he drug. 
Once established, the drug tolerance may persist for long ixa'iods of time. 
Sesler, Schmidt and Belden’' observed that strains of piuamuxMHxn whicdi 
acquired a high degree of resistance to sulfa drugs rctaimxi it indefinitely, 
while those which were only moderately resistant tcuided to lose* tludr 
tolerance after removal from contact with the drug. 

The nature of the modification has been of some inl.envst. If th<^ <lrug 
acts by interfering with some metabolic process (p. 72), it is not, unrciuson- 
able to expect that sulfa-fast strains might difier physiologically from ( be 
parent strain, L e., metabolize by means of an alternative mechanism not. 
susceptible to such interference. Such physiological dilferences liavi^, in 
tact, been observed by MacLeod,® who has found that while sulfupyridinc- 
tast strains of pneumococci dehydrogenate glucose at a rate cquafto that 
ot the parent strain, they cannot dehydrogenate 3-carhon compounds such 
as glycerol, lactate a.nd pyruvate while the parent strain cam The mxpiisi- 
tion ot sulfa-fastness is also associated with a marked diminution in hydrogcui 
peroxide formation. Since the action of the sulfonamides is antagonized 
y p-ammobenzoic acid, it has also been suggested that in some instances 

I “<1 Belden: Proc. Soc. Exp. Biol. Med., 19U, 50:42. 

MacLeod: Proc. Soc. Exp. Biol. Med., 1939, 4i;215. 
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sulfa-fast strains of bacteria are resistant by virtue of an increased produc- 
tion of this or similar substances. In support of this Landy, Larkum, 
Oswald and Streightoff^ have shown that sulfonamide resistance in Staph- 
ylococcus aureus is associated with increased synthesis of p-aminobenzoic 
acid. Similarly, Mcllwain^'^ has found that pantoyl taurine-resistant strains 
of Corynebacterium diphtheriae produce increased amounts of pantothenic 
acid which presumably antagonizes the analogue. In many cases, however, 
sulfa-fastness cannot be accounted for on this basis, and it is not unlikely 
that the mechanism of the adaptation differs from one bacterium to an- 
other and may he dependent upon the conditions under which the drug 
resistance was induced. However this may be, the resistance is specific, 
sulfa-fast bacteria being ordinarily susceptible to penicillin and so on. 
Harris and Kohn” have observed that even among the sulfa drugs there 
may be some specificity; the development of resistance of Bacterium coli 
to sulfonamide did not always parallel that to sulfathiazole. 

A question of considerable practical importance is that of whether a 
bacterium can become sulfa-fast in vivo during therapy and be trans- 
mitted to other persons while remaining resistant. Thus it would be pos- 
sible to develop a virulent, sulfa-fast strain by sulfa therapy that might 
become widely disseminated in the host population. Cases of infection with 
sulfa- fast strains of pneumococci have been found^^ and the development 
of sulfa-resistance during therapy has been observed.’^ In the latter instance 
the drug-fast strain was transmitted to a second person who developed 
pneumonia; after recovery both patients continued to carry the drug-fast 
strain. As yet, however, no widespread prevalence of infection with drug- 
fast strains has been observed, and according to Hamburger and his co- 
workers’^ the occurrence of drug-fast pneumococci is not quantitatively 
important in clinical practice. Few similar observations on streptococci 
have been reported. 

Wi th the general application of sulfa therapy in gonorrhea, the increasing 
proportion of sulfa-fast gonococci encountered has been striking. For 
example, Carpenter el have reported an increase in the incidence of 
such strains from 15 per cent to 59 per cent in a period of fifteen months; 
similar observations have been reported from England. It has been sug- 
gested that this marked increase may be due either to the development of 
sulfa-fastness in vivo, possibly in part through inadequate self-medication, 
or to an increased prevalence of sulfa-fast strains arising as a consequence 
of the elimination of susceptible strains by sulfa therapy. Landy and 

® Landy, Larkum, Oswald and Streightoff: Science, 1943, 97:265; see also Spink: 
Jour. Exp. Med., 1944, 79:331. 

Mcllwain: Brit. Jour. Exp. Path., 1943, 24:203. 

Harris and Kohn: Jour. Immunol., 1943, 46:189. 

Tillett, Cambier and Harris: Jour. Clin. Invest., 1943, 22:249. 

Frisch, Price and Myers: Ann. Int. Med., 1943, 48:271. 

Hamburger, Schmidt, Sesler, Ruegsegger and Grupen: Jour. Inf. Dis., 1943, 73:12. 

14“ Carpenter, Ackerman, Winchester and Whittle: Amer. Jour. Pub. Health, 1944, 
.?4.-250. 

14^^ Cf. Alexander: Brit. Med. Jour., 1944, ti:162. Taylor and Barlow: ibid., 223; 
Johnson: ibid.^ 321. 
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Gerstung'^" have found that at least some sulfa-fasl gonoeoc<a, like sulfa 
fast staphylococci, produce increased amounts of p-ainiiiolxaizoie. a<‘id. 
Resistance to sulfa therapy may, however, be more than inlection with a 
sulfa-fast strain; Boroff^^'^ has shown, for instance, a (iorrelaboa h<U.W('en 
resistance to therapy and the antisulfonamide activity of the pali<mf\s 
serum. 

Physiological Variation. — Variation in the more ob vious physic ^logical 
properties of bacteria, such as the ability to decompose protcuns, l(‘rment 
various sugars and produce pigment, has been known for a long l inn*, d his 
physiological variation may be considered, for pr’a(^ti(UiI purpose's, as falling 
into two categories. 

Mutation-Like Variation. — One of those, a mntation-Iikc^ <diang<‘, was 
described in 1907 by Massini,^® who isolated a non-lactose-ferinenl ing s( rain 
of Bacterium coli which, when cultivated on lactose agar (Containing an 
indicator which turned red in the presence of acad, gav<‘ ris(^ to whit(‘ 
colonies. On continued incubation red papillae appcarc'd on (In'; whil(‘ 
colonies, indicating that some of the organisms were (hniom posing tlu^ 
sugar to acids. Subcultures from the red papillae bred trm^ and showt'd no 
tendency to revert to the non-lac tose-ferment ing form, while sulxuilt ina's 
from the white portions of the colonics gave rise to whiter <*.olonics upon 
which red papillae appeared as before. A similar rnutation-Iike c.hangc*. with 
respect to citrate utilization by coliform bacteria has Ixhxi <)bs('rv(Hi by 
Parr and Simpson. Extensive experiments of this gesiuiral tyf)e by other 
workers have indicated that this kind of variability is not uruxamnon 
among members of the colon-typhoid-dyscntery group of organisms. A 
number of these organisms will, when cultivated on mcidia cotitaining a 
sugar they are unable to ferment, respond with tlui formation of siu^h 
papillae, the tendency toward reversion to the parent typ<i varying from 
one organism to another. 

Adaptive Enzymes?^ — The second type of xdiysiologic.al variation is t hat 
in which the ability of an organism to decompose a particular substrates is 
markedly enhanced by cultivation in the presence of that substrate. Al- 
though known for many years this particular type of bacsUsrial variat ion 
has been the subject of renewed interest recently undesr the title of enzyme 
adaptation; the enzymes which may be formed under the iufluencscs of tins 
presence of substrate have been called “adaptive” enzymes as (Huitrast.ed 
with those which are formed whether the substrate is presemt or not., t,he 
“constitutive” enzymes.^^ Washed suspensions of the colon bacillus, for 
example, bring about an equally rapid decomposition of glu(;osc rc^gardU^ss 
of whether the medium upon which the organisms were grown (contained 
this sugar. On the other hand, the conversion of tryptoplumci t.o indol by 
washed suspensions of this same organism is much morci rapid if the baci cuia 
are grown on a medium containing tryptophane than if the medium did 
Laady and Gerstung: Jour. Bact., 1944, //7.*44.8. 

Boroff: Bull. U. S. Army Med. Dept., 1944, 75:111. 

Massini: Arch. Hyg., 1907, 6i:2%0. 

16 Parr and Simpson: Jour. Bact., 1940, //0:467. 

17 For recent reviews see Dubos: Bact. Rev., 1940, //.-I; Gale: Bact, Hev., 19t:5, 7:\'M 

16 Of. Karstrom: Ergeb. Enzymforschung, 1938, 7:350. 
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not contain this amino acid. Many of the bacterial proteases are adaptive 
enzymes, for only small amounts of the enzyme are formed in the absence 
of protein, but filtrates from cultures in protein-containing media are 
actively proteolytic. In cases such as these the adaptation is relatively 
rapid; a single transfer on the appropriate medium suffices to bring about 
the formation of the enzyme in appreciable amounts. In others, however, 
the adaptation may be a slower process and a series of transfers on a sub- 
strate-containing medium may be necessary before the bacterial culture 
develops the ability to form enyzme in detectable or maximum amounts. 
An essential part of this adaptation appears to he cell multiplication; it 
has been specifically shown in one case, that of the galactozymase of 
Bacterium, that the amount of enzyme formed was proportional to the 

number of new cells. There are, however, two cases on record in which 
enzyme was formed by washed suspensions of bacteria in the presence of 
the substrate and under circumstances such that cell division did not occur 



Mg, 20. — ColoiiicH of BacL coli mutabile on lactose agar. Note the lactose-fermenting 
papillae of th(‘ vririant appearing on the non-lactose-fermenting colonies (Parr). 

to an apprc(;iabl(^ <ixtcnt.^® In these experiments the washed bacteria initi- 
ated tlxc dc(‘.ompositi()n of the substrate only after an initial latent period 
during whi(4i the (iuzyme was presumably formed; plate counts and total 
coxnil.s indicated no increase in numbers of cells. In the vast majority of 
tias(?:s, however, multiplication is an essential part of the adaptation process. 

Perhaps analogous to the phenomenon of enzyme adaptation is the 
(sonversion of nutritionally fastidious bacteria to a less exacting physio- 
logical state. Some strains of Staphylococcus aureus, for example, although 
initially requiring a number of amino acids, have been adapted to grow 
in the prc;scn(‘-c of an ammonium salt as the only source of nitrogen.^^ The 
implication is, of (jourse, that the ability to synthesize the amino acids 

SteplKsUHon and Gale: Biochein. Jour., 1937, 5^:1311. 

The formic hydrog(«ilya8e of Bact coli (Stephenson and Stickland: Biochem. Jour.. 
1933, 27:1528) and the galactozymase of Saccharomyces cerevisiae, a yeast (Stephenson 
and YtKlkin: BitxJjiem. Jour., 1936, 30:^06). 

21 GladHtonc: Brit. Jour. Exp. Path., 1937, i8:d22. 
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has been acquired by the bacteria. Whether this is generally true is open 
to question.^2 Similar but less definite nutritional changes are well known; 
many of the pathogenic bacteria are difficult to cultivate when first iso- 
lated but may grow more readily on laboratory media with continued 
transfer, a change which is not infrequently accompanied by a dim in u I, ion 
in virulence as noted above. 

These bacterial variations, both morphological and physiological, are 
clearly the result of the influence of the environment upon the oi*ganisins 
and may be regarded as adaptations to such external influcru^cs. ft is 
already apparent that the great majority of tliesc variations are in llw 
nature of losses to the organisms of one or more qualities which may or 
may not be associated with one another. Such losses are not necessarily 
permanent, for some qualities so lost may be regained by cultivation of 
the organisms under suitable conditions. Whether the loss of some (piality, 
such, for example, as the ability to ferment a given sugar or to inva(h^ tin; 
tissues of a host, and the subsequent regaining of that qualily, may lx* 
regarded as analogous to the loss of an anatomical structure by a higlua* 
animal is open to serious question. It is, of course, extremely dilficnilt to 
demonstrate the complete loss of a quality by a bacterial (ml tun;; tin; (pial- 
ity may still be present but to a degree too small to be detected. 1 1 (;ann<>( 
be said, then, that bacteria are capable of regaining lost charac.tcns in th(‘ 
generally accepted sense of the term. 

The question of the nature of the environmental elhxif. whicli n\sui(s in 
the observed bacterial variations is of considerable general biological im- 
portance. In some cases the effect is obviously the r(;sult of a mild toxic 
influence. The adverse effects of higher than optimum tcrnp(;ratur(^s, of 
high salt concentrations, of reduced surface tension and tlu; Uk(% which 
result in the appearance of “abnormal,” bizarre forms, is, in all probability, 
traceable to such a toxicity, and the so-called “involution” forms so frt;- 
quently observed in old cultures may plausibly b(.; charg(;d to the; l,oxii‘ 
effects of accumulated waste products. Morphological alterations so pro- 
duced are for the most part but transitory, for the organisms r(;v(;rt (o a 
“normal” form immediately upon transfer to ordinary media. Sonu^ of 
the changes so induced, however, may be of permaiuuit or scjmifXMniatKxil 
character. The loss of capsules or flagella or the ability to forni sport ^s 
may be regained either relatively slowly, i, e., by rtqxiated transfer, or not 
at all. 

The physiological variations produced by cultivation of the organisiiis 
under conditions favorable to “normal” growth and dcsigtUKl to bring 
about or make apparent the desired variation may be interpretc;d us tiie 
result of selection either of a fluctuating variation or a mutation. Tin; 
mechanisms underlying the two types of change are, of cioursc;, |)rofouudly 
different, the first presuming the existence of the quality undc;r <;onsidera- 
tion and the second postulating that it arises de novo. Unfortunalely tin; 
practical necessity for the study of bacteria as large populations has made 
the differentiation of these two types of change impossibl(.\ It is obvious 
that if the environment of a developing bacterial population is alt(ir(;d by 
22 Burrows: Jour. Inf. Dis., 1939, C4:145; ibid., 1939, 6‘5.q,3 L 
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the inclusion, for instance, of a fermentable sugar, the ability to oxidize 
that sugar is thereby given a marked survival value and the character of 
the population as a whole may be altered accordingly. Such an experiment 
cannot, by its very nature, indicate whether the organisms inoculated into 
such an environment already possessed the ability to ferment that sugar, 
albeit to a quantitatively insignificant extent, or whether the ability to 
ferment the sugar arose as a chance mutation which, because of the sur- 
vival value given it by the environment, remained to alter the physiological 
character of the population. 

F urther study has not as yet provided a solution to the purely technical 
problem of the obscuring efiect of the bacterial population. For example, 
Massini concluded that the lactose-fermenting variants of his non-lactose- 
ferrnenting strain of Bacterium coli arose as a result of a mutation in the 
genetic sense because they appeared suddenly and bred true, and, in conse- 
quence he named the parent strain Bacterium coli mutabile. More recent 
work'**'* has indicated that a relatively constant proportion, about one in 
100,000, of the cells of mutabile strains are able to ferment lactose. It may 
be concluded either that (a) such strains are genetically unstable, the prob- 
ability of the lactose-fermenting mutant arising being 0.00001, or (b) 
the ability to ferment lactose is possessed to a greater or lesser degree by 
all the cells but only in one in 100,000 (representing the tail of a frequency 
distribution) is the ability sufficiently marked to allow detection by the 
experimental procedure used.^^ Interesting observations bearing on this 
point have been reported by Bunting^® who studied the distribution of 
color variants arising in aging cultures of the red pigmented organism. 
Bacterium prodigiosum. Consideration of other examples of physiological 
variation leads to essentially the same result, the inability to distinguish 
the basic mechanism through the haze of the bacterial population. It may 
be said, then, t hat mutation, using the term in the usual biological sense, 
may or may not occur in the bacteria, for as yet there is no conclusive 
evidence.^® In the case of the fungus Neurospora crassa, however, it has 
been shown by Tatum and Bcadle^^ that x-ray irradiation produced mu- 
tants whi(*>h required p-aminobenzoic acid, i. e., were presumably unable 
to syntlujsize it, though the parent strain did not require it; the essential 
step in the syuthcjsis apparently was controlled by a single gene. 

Bacterial lafc Cycles. — The question of the existence of bacterial life 
(cycles analogoxis, perhaps, to those long known among the higher fungi, 
is one which has been answered only inconclusively. Certain forms of cy- 
clical <hvvcl<)[)ment, reflected in a succession of morphological types have 
been well established.'-^* Among the simplest of these are the spore-vegetative 
(udl smxicssion of the sporulating bacteria and the successive zoogleal and 
monad or swarmer stages of Nitrobacter species. The root nodule bacteria, 

23 I^ewis: Jour. BacL, X934., 28:r>l9. 

''the utilization of laotOHC as a sole source of carbon in a synthetic medium. 

2® Bunting: Jour. Bact., 1940, 4^:57, 69: ibid., 1942, 45:585, 593. 

23 Kor a somewhat diffc’irent discussion and theoretical consideration of the entire 
problem see Yudkin: Biol. Rev., 1938, f5:93. 

22 Tatum and Beadhc Proc. Nat. Acad. Sci., 1942, 25:234. 

Tin’s cytomorphosis tluiory of TTenrici has been discussed elsewhere (p. 53). 
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the Rhizobia, exhibit a somewhat more complex series oi (onus wliich have 
been divided into five groups.^® 

(1) a non-mo tile, coccoid, pre-swarmer form, 

(2) a larger non-motile coccus having approximately double the diani<‘t(T of the pre- 
swarmer form, 

(3) a motile swarmer stage in which the cell acquircis flagella and assumt‘s an (dlipsoidal 
form, 

(4) a less actively motile rod form arising as a result of furth<‘r (dongalion of the 

swarmer, and ’ 

(5) a vacuolated stage in which the chromatin divides into a ninnlxT of bands which 
escape from the rod as the coccoid pre-swarmer. 

This interpretation has, however, been criticized by 

Similar successions of morphological types liavc IxHni poslulaltMi for 
many of the well-known bacteria such as the staphylococci, str(^pto(‘<Ku*.i 
and the gram-negative intestinal organisms of the colon-typlioid-dyscMthu y 
group. With the exception of the cases noted above, the (wideiuu't for the 
existence of such life cycles is exceedingly tenuous for two rc^asons. Mu(‘h 
of it is open to serious technical criticism, and in all (uis(\s tlunu^ are 
equally plausible alternative explanations. Aside, then, from (.h(‘ point of 
technical criticism, differences in opinion are largely a inatt cM’ of inl(M*pr<‘- 
tation and, in the absence of conclusive experirncnlal evi(h'n('(', which has 
as yet not been forthcoming, are likely to remain so for Itu^ tinu^ Ixnng. 

The experimental evidence upon which the belief in bu(‘d,(nial lifc^ 
is based consists of observations of aberrant, “ahnor'umr' forms o<M*.urring 
in pure cultures. It is postulated that the so-called “normaF’ hacdcxial form 
is hut one morphological stage of many in whidi a bu(d.(nium may (wist 
but in which it is temporarily fixed by the constant (mvironm(*nt of th<‘ 
laboratory medium. The appearance of aberrant forms is, them, (‘vi<h‘n(x* of 
a tendency on the part of the organism to assume thc^ forms <'harae((‘rizing 
other stages of the life cycle, and such forms should not Ix^ ivrnml invc’lu- 
tion or degenerative forms. The aberrant ciclls in turn break down to 
liberate minute viable organisms either dixxxdJy or via a symplaslit^ st ages. 
The minute forms, designated as gonidia, gamct(\s, mi(‘rogam(d(\s and liu‘ 
like, may give rise to the “normal” vegetative; cell, (utluT xlinxdly or ar(<‘r 
a process of conjugation or sexual union. 

In any attempt to weigh the evidence in favor of hacdcxial (^ychss 
two points must be borne in mind. In the first plac(\ lh<i al)(‘rrant. forms 
which constitute an essential part of the life cyclic oamr only in tlu^ d(Uith 
phase of a bacterial culture, never during the pluLscvs of a(;tivi^ growth; 
and, in the second, many of the postulated forms are. too small to p<xunit 
resolution with visible light. Alternative explanations of alxirrant mor- 
phology are many. For example, no small degree of striujtural rigidity is 
necessary to maintain a bacillary form ia the face of the forties of surfact^ 
tension, and any crumbling of that structure will of luxx^ssity r<\snlt in 

29Bewley and Hutchinson: Jour. Agr. Sci., 1920, i0:l i4. 

30 Lewis: Jour. Bact., 1938, 35:57S. 

3^ For example, see Holman and Carson: Jour. Tnf. Dis., 1937), se(‘ iUho La- 

manna: Jour. Bact., 1944, 47.*327. 
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misshapen cells. The ballooning of coccus forms followed by disruption 
with the liberation of granular material has often been regarded as evidence 
of life cycle phenomena. Suppose the cell dies, autolysis follows with the 
breakdown of cell constituents to smaller molecules, the increase in the 
number of molecules in solution raises the osmotic- pressure within the cell 
and the cell imbibes water with resultant distention and eventual disrup- 
tion. Granular material may be volutin and similar granular substances 
commonly observed in bacterial cells. 

It is perhaps significant that cultural studies of the aberrant forms have 
indicated that in many cases these forms are dead and incapable of multi- 
plication and may, therefore, be properly regarded as degenerative or 
involution forms. Other studies utilizing the micro motion picture tech- 
nique for the continuous observation of the development of bacteria from 
a single cell have yielded no evidence of a bacterial life cycle.^^ n ^ay be 



Fig. 21. — Involution forms of the typhoid bacillus; fuchsin stain. Note the filamentous 
forms and elongated rods mixed with the typical forms. What appear to be buds on the 
iilament are probably adjacent c(dls. The poor resolution at these high magnifications is 
apparent. X 3500, 

concluded, then, that bacterial life cycles, hybrids, conjugation and 
sexuality should be regarded as possibilities but not as proved facts. 

Filterable Forms of Bacteria.^^ — Perhaps , associated with bacterial 
life cjycles are the so-called filterable forms of these organisms. The visible, 
readily cultivable forms of bacteria such as are present in the ordinary 
“pure culture” do not usually pass through the finer-pored porcelain and 
infusorial earth fdters. That there are particular conditions, however, that 
favor the transmissibility of certain bacteria through these filters has be- 
come increasingly evident. Aside from the technical difficulties that beset 
all filtration experiments there are serious divergences of interpretation. 
Many observers have reported that familiar microorganisms such as the 
tubercle bacillus and the typhoid bacillus can sometimes pass through 

Wyckoff: Jour. Exp. Med., 1934, 5.9:381. 

IJadley. Delves and Klimak: Jour. Inf. Dis., 1931, 4^:1. 
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well-constructed filters and this they interpret as signifying the cxistonct' 
of a filterable stage in the life history of these hacteria. It is oven alk'getl 
by some that the filterable viruses of smallpox, poliomyolilis and other 
diseases represent a filterable phase in the life cycle of visible microorgan- 
isms, streptococci or what not, a view that has been ui-giul (^pedally by 
Rosenow®* in this country and Enderlein^*' in Europe!. 1liis vi(!w is by no 
means generally accepted. 

On the other hand, it is maintained that the so-called “lilterabUi forms 
of the typhoid bacillus, for example, are merely cells dwailcd by inadctpialc 
nutrition or are viable cell particles so small as to puss l.hi’ongh lilf t!rs but. 
with capacity of renewed growth when again placetl in lavorable surround- 
ings. It may be urged that the ability of cell fragment, s t,o regtiiu'iul.e is no 
new thing in biology, and it is quite as plausible to regard minute* filU'rable 
forms of cocci or tubercle bacilli as portions of fragmented cells a.s to look 
on them as representing a significant filterable phase in t,h(!ir life histori(!.s. 



Fig. 22. — Smooth and rough colonies of BticL typhosum; X -i. Culture on ntiirhuit agar 
inoculated from an old broth culture. 


Bacterial Dissociation. — A remarkable type of ba(‘.t(irial variation, 
whose most obvious outward manifestation is a change in th(% type of tsolony 
formed on semisolid media, was observed by Baer thlein in (i(u’nriaiiy (191 8), 
Arkwright in England (1921.) and de Kruif in the United Statea (1921). 
The phenomenon was termed by de Kruif bacterial or inicrobic diaaegua- 
tion, a term which has, in spite of certain undesirable featur<\s, bcHni 
universally adopted. 

The ordinary laboratory culture, particularly old broth cullurt^s, whtm 
plated out on an agar medium develops into two kinds of cKilonies; one, 
smooth (S), round, convex and shining; the other, rough (11), irrc^gnlar, 
flattened and wrinkled. In addition to these obviously dilferi^nt exlnune 
colony types (Fig. 22), all degrees of intermediate (SIl and HS) types may 
usually be found. The transformation of the S form, usually ri^gardial as 
the “normal,” into the R type is, as indicated by the presence of inter- 
s' For example, see Rosenow: Amer. Jour. Clin. Path., 1944, f 4:1 50. 

Enderlein: Arch. Entwicklungsgesch. Bakt., 1940, f:252. 
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mediate types, probably a gradual process. The smooth form of the great 
majority ol bacteria, while breeding true for a number of test tube genera- 
tions, shows a constant tendency to change to the rough type; one of the 
consequcnc'cs ol this tendency is that most stock laboratory cultures con- 
tain a large proportion of roughs, and sometimes such cultures are com- 
pletely lacking in smooth forms. 

The translormation ot S to R, though occurring in ordineury cultures, 
may be hastened by a number of procedures, such as the inclusion of 
lithium chloride or ariti-S immune serum in the medium in which the 
organisms are cultured. Smooth cultures lysed by -bacteriophage, a filter- 
al)ie virus parasitic on bacteria (Chapter 38), give rise when incubated to 
a secondary growth which consists entirely of R forms. The change from 
R to S is considerably more difficult, and the rough forms show little tend- 
ency to revert under ordinary cultural conditions. The reversal may, 
however, be accomplished in most cases, the best test tube method being 
the cultivation of the R form in the presence of anti-R immune serum. 
Reversion of the R type may also be brought about by animal passage. 

The bacteria which make up the smooth and rough colonies differ from 
one another in a number of characteristics, some of which are usually 
regarded as of deep-seated biological significance. These are most con- 
veniently considered in outline form: 

Sitioolh (S) Typo Rough (R) Type 

(1) Broth cultures uniformly turbid (1) Sedimental deposit in broth cultures; 

supernatant fluid clear 

(2) Suspciusions in salt solution (0.85 per (2) Suspensions in salt solution clump 

cent NaCl) stable and remain cloudy spontaneously and settle out 

(3) Flagellated species usually motile (3) Motility reduced or absent 

(4) Gapsulatcd specicjs show capsules (4) Capsules absent 

(5) Somatic and flagellar or type specific (5) Only somatic antigens present; ag- 
antigens present; flocculent agglutination glutination granular in type 

(6) Pathogenic species generally virulent (6) Virulence greatly reduced or absent 

(7) Biochemically active (7) Biochemical activity reduced 

(8) “JNormar* morphology (8) Tendency toward abnormal forms 

The distinctions between the S and R types as outlined here represent a 
generalization to which there are a number of exceptions. For example, 
what is usually regarded as the “normal” form of the anthrax bacillus is 
the rough form and in this case the organism is virulent in the rough form 
but a virulent in the smooth form. Similarly, the “normal” virulent form 
of the hemolytic streptococci is finely granular rather than smooth, and 
the aviruJent form which arises from it has lost its type specific antigen 
but is smoother than the virulent form. In spite of these and other 
exceptions the differences noted above hold true in general. 

Closer inquiry into the differences between S and R bacterial types 
indicates that the relation between colony form and certain other charac- 
ters is not in the nature of a casual correlation but rather the result of an 
intimate association. The association between capsules and virulence has 
been pointed out previously, as has been the r61e of the capsule in giving 
the colony of capsulated bacteria a slimy, viscous consistency. It is not 
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unreasonable to expect, then, that a bacterium which lacks a (‘.apsuh^ is also 
avirulent, or relatively so, and that its colonies will be dry and possibly 
wrinkled in appearance. The loss of a capsule likewise al(,ers the na( nn^ ol 
the bacterial surface; the absence of carbohydrate material allows th(^ 
lipoids present in the cell membrane to determine its <‘tuiracl,er; in t^onsc^- 
quence, it becomes hydrophobic rather than hydrophilic; and thc^ or^^anisrns 
tend to clump and settle out of salt solution or the nutrient, broth of a 
culture. The granular consistency of many of the rough <‘.ol<)ny type's is 
accounted for, in part, by post-fission movements of the (;ells. The' sinoot h 
forms of some of the intestinal bacilli separate after tissioti and slip !<» lic' 
side by side with one another. The cells of the rough forms, on tlu* othc'r 
hand, tend to remain attached after fission with the formation of chains 
which bend at sharp angles here and there. The dcveloijuu^nt of bizarre* 
shapes by some of the rough forms may possibly be a n^sult, of ( h<; abs(‘n<*<‘ 
of capsular material and change in the nature of the cell surfacu^ Tlu': nat ure* 
of the association between roughness and redacted bio(*hemi(*aI a<*tivity 
is unknown. 

The relation between the S-R variation and I, he; llucjl.uating variations 
and mutations discussed earlier is unknown. Cl(;at‘ly the; change* is not 
fluctuating in character and its reversibility would apparently ruh* <nil 
mutation. The dissociation is, of course, influenced by the cnvironnu‘nt , 
and in all probability some of the alterations considered as adaptations 
are closely connected with the occurrence of smooth and rough forms. 
Possibly other factors, such as antagonisms between the; two typ(*s, play 
a part in the dissociative change, but to date ovidciu^c; is hulking. 

The G Colony . — A third type of colony, the so-called (1 type, although 
apparently seen by earlier observers in 1910 and 1911, was brought, to 
general notice by Hadley and his co-workers.^** These; e.olonievs are; V(*ry 
small, 0.05 mm. or less in diameter, and appear to he made up of small 
cells of diverse morphology. Since these colonies are the* first l,o appear in 
cultures of filtered bacterial cultures, they arc avSsumeKl by some; we>rk(*rs 
to represent a virus-like phase in the life history e)f the mi(;n)-e>rganism 
which has been referred to above. Other workers, }ie)wcve;r, regard t.h<*m as 
slow-growing variants at a low level of vigor and, fe)r the; ])r<\s(;nt, the'ir 
significance must be regarded as uncertain. Revcrsiexn of the; (I type; to the* 
parent form takes place gradually with apparently full resumption of the; 
characteristic ancestral morphological, physiologieud anel se;r< )Iogical 
properties. 

Immunological Variation . — The loss of capsul(;s in the; (;onve‘rsion of 8 
to R forms is reflected, not only in the morphology anel virul(;ne;e of the 
organism, but also in its immunological charac;tcr.®« Tlie; (;apsular mate;rial, 
usually polysaccharide in nature, confers a type speeufieuty upon t he^ organ- 
ism, while the cell body proper contains antigens, ele;signal(;el as seanalie;, 
which confer an immunological relation upon cleisely related forms having 
similar or identical somatic antigens but different type speeafie; ant igens. 
The change from S to R is, then, ordinarily ace;ompaiiie;el by a loss of 
immunological specificity. The pneumococcus types, for example, ililfer 

The antigenic composition of bacteria is discussed in more d(;tail on pp. 252, 5a2. 
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from one another by virtue of type specific capsular material and in the 
rough form lose their type specificity and become immunologically identical 
(p. 340). 

Another type of colony variation or dissociation connected with the 
presence or absence of flagella was originally observed in cultures of Proteus 
vulgar IS . The ordinary type of Proteus colony is irregular and tends to 
spread in a thin film over the surface of an agar medium because of the 
pronounced motility of these organisms, but occasionally compact, discrete 
colonics ar<^ observed. The spreading type has been designated by the 
letter H (German Hauch — him) and the discrete form by the letter O 
(German ohiie Hauch = without him). The distinction between H and O 
foi*ms has come to have considerable signihcance because of the difference 
in the antigens present in the hagella and those present in the cell body,^^ 
the It or flagellar antigens conferring, like the capsular polysaccharide of 
some organisms, a type specificity upon the bacterium. The O antigens, 
though often refcrrcid to as somatic antigens, are by no means strictly 
analogous to the somatic antigens of the rough forms of bacteria, as will 
appear. 

The nature of the H-0 variation would appear to be different from that 
of th(i S-R. variation in that the former takes place somewhat more readily 
and does not have a semipermanent character. The formation of flagellar 
antigen, for example, may be suppressed by cultivation of the bacteria on 
phenol agar (O.I per cent phenol), a suppression which is immediate but 
not perrmuKuit, fVn* transfer to nutrient agar results in the prompt reap- 
pearance of the H antigens. Furthermore, the H antigens of the Salmonellas 
have been found to be of two kinds, specific and non-specific (the non- 
specific having even broader group affiliations than the O antigens). Bac- 
terial species having both specific and non-specific H antigens are designated 
as diphasic. When plated out they give rise to approximately equal numbers 
of morphologically identical but immunologically distinct types, one having 
specific H antigens and the other non-specific H antigens. This variation 
would appear to be of a fluctuating type, since the two types of colonies 
breed true for but a brief time, both reverting after one or two transfers 
to mixtures of the two types. (See also p. 382.) 

The relations between the H-0 and the S-R types of variation are not 
as yet clearly understood. In general, as has been stated, the R types are 
non-motilc, but motile (MR) strains sometimes occur, and, conversely, 
non-motile S types (NMS) are observed. The conversion of some of the 
Salmonella species from the S to the R form is accompanied not by a loss 
of flagellar antigens but by an alteration in the immunological specificity 
of the somatic antigens,^^ possibly attributable to the loss of polysaccharide. 

The Transmutation of Immunologic Types. — Perhaps one of the 
most important contributions of recent years to the problems of immuno- 
logic variation among the bacteria is the alteration of the pneumococcus 

Weil and Felix: Wien. Min. Wchnschr., 1917, 50:1509. 

38 Smith and Reagh: Jour. Med. Res., 1903, f0:89. 

33 Cy. White: Medical Research Council (British). A System of Bacteriology. Vol. 4. 
pp. 86--1.58. 
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types. It was shown by Griffith^® that if a Type I pneuinococx'us, for (ex- 
ample, is made to lose its type specific polysaccharide ((‘.apsuicO i>y (H>n- 
yersion to the R form, then injected into an animal together with a suspem- 
sion of heat-killed smooth Type II pneumocoeef the living (nganism 
cultivable from the animal is a Type II. It was later foiiinT’ that this t rans- 
mutation of type could be brought about in the test tube by (ailtivation 
of the R form in the presence of anti-R immune scrum and heat-kil!(Ml 
smooth pneumococci of another type. This remarkable c^hang(^ is w(‘ll 
established, and errors of experimental technique hav(^ been climinati'd;’- 
Furthermore, Avery, MacLeod and McCarty^^ have isolated a siihstaiua^ 
from Type III pneumococci, consisting principally, if not sohdy, of a highly 
polymerized viscous form of desoxyribonucleic acid, whic’h in minuU' 
amounts will induce the transformation of R variants of Ty p(^ 1 1 to smool h, 
encapsulated, virulent Type III cells. 

A similar example of the acquiring of a new immunologies c.haracPu* by 
the typhoid and paratyphoid A bacilli has been reported by 1 loltman.'^'* 
These organisms could be made to acquire the ability (o form In^t<u'ophih‘ 
antigen (p. 246) by growing them in the presence of this subslancc* in 
laboratory media or by growth in a collodion sac in the fxu itoncul <'avity 
of the guinea pig. In contrast to the artificial pneumocotxxis typ(‘s, tiu* 
acquired ability was not permanent but was lost afl(x‘ twcuity t<^ fifty 
transfers on ordinary laboratory media. In this connection it is of in((U*cst 
to recall that many years ago Smith and Rcagh^^'' suggested (hat Ixactcula 
might be immunologically altered by residence in differemt hosts. ''flKW 
were unable to demonstrate such diherences, how(wer, and a(ux)unt(*(l for 
the failure by the high degree of adaptation to tlu^ host of (lu^ forms 
studied. 

The Interpretation of the Phenomena of Varialion.- signifi- 

cance of the phenomena of bacterial variation to biology is uncindain. 
Because of unique environmental factors inbu pi^dalion of tin* morpho- 
logical variation of individual cells presents unusual difTicuiIl i<‘s, an<{ mat h<u* 
the mechanisms underlying this type of variability nor its relat ion to varia- 
tion in anatomical structures of higher organisms nro iipparcuit, as y<d,. 
Variation in colonial morphology, however, appears to lx*, asso(aat(xi, in 
part, with physiological and immunological variation, and it< is not unlik(4y 
that changes in colony form arise as a conscciucnce of altcu-ations in the 
nature of the cell surface. 

The majority of the physiological variations are probably flmdualitig 
variations which may be selected for, though in some inslanctvs trm^ muta- 
tion appears as a possibility that can neither be ruled out nor umxpiiv- 
ocally established. The significance of the apparent loss and gain of 
physiological characters, even if these be absolute in that a proptirty is 

Griffith: Jour. Hyg., 1928, 27.-113. 

Dawson and Sia: Jour. Exp. Med., 1931, 

42 For other developments see Alloway: Jour. Exp. Med., 1932, 5,9:91 : 1933. 57: 
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43 Avery, MacLeod and McCarty: Jour. E.xp. Med., 1944, 75:137. 

44Holtman: ,Tour. Immunol., 1939, .?6:405, 413. 

4® Smith and Reagh: Studies from the Rockefeller Inst., 1901, 1:210, 
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completely lost or absent, is difficult to assess in general biological terms. 
As N eedham'^^'* has pointed out, although a structure which makes possible 
a given physiological function may not be regained after being lost, the 
organism may rc-acquire the function through the development of another 
and dKFercnt structural mechanism. It is clearly open to question as to 
whether an enzyme system lost or gained by a bacterium may be regarded 
in the same category as an anatomical structure such as a tooth. 

The immunological characters of bacteria, however, have their counter- 
parts among the higher organisms in which immunological characters are 
known to be inherited, as in the case of human blood groups, or parallel 
phylogenetic relationships of accepted zoological classifications, as in the 
immunological relationship of blood proteins. In this connection it has been 
showrf ^ that the immunological character of serum proteins of pigeons is 
genetically determined. If immunological characters of bacteria are to be 
regarded as fundamentally significant ones, it appears that on the one hand 
bacteria are unstable in Ibis respect, viz., the constant fluctuation of specific 
and non-specific flagellar antigen in the diphasic Salmonellas, and on the 
other, that such characters may be acquired through environmental influ- 
eiKic. The 11 act ua ting variation between specific and non-specific H antigens 
mid the random redistribution of these antigens in the bacterial population 
following selection may well indicate, however, that some, at least, of 
these immunological characters may not be of fundamental biological 
importance, a suggestion that is, in part, supported by present knowledge 
of common antigens and partial antigens. 

This apparent acquisition of new immunological characters is also of 
irUru’cst in u somewhat different connection, that of the apparent auto- 
catalytk^ ])ro})crties of some substances. Recent studies have indicated that 
some of the filterable viruses are proteins. Since these agents are able to 
increase in the body of the host, it would appear that they stimulate the 
host cells to form more virus protein. The analogy to the transmutation of 
pneumococcus types and the acquiring of the heterophile antigen by the 
typhoid and paratyphoid A bacilli is obvious. If the presence of capsular 
polysaccharide in the form of dead pneumococci or appropriate extracts in 
tlui one case, and heterophile antigen in the other, stimulates the bacterial 
cell to produce more of these substances, a phenomenon of profound 
biological significance has been demonstrated. 

Bacterial Fhylogcny. — From the evidence of comparative bacterial 
physiology (Chapter 5) it appears not unlikely that bacteria were among 
the first living organisms on the earth. The autotrophic bacteria may plaus- 
ibly be regarded as primitive forms of life that could exist in an environment 
containing no organic matter, and that have persisted until the present 
time. Teleologically, it would seem that in the bacteria nature tried a 
variety of energy-yielding mechanisms ranging from the oxidation of in- 
organic compounds of nitrogen, carbon, sulfur, iron, manganese, etc. to 
the utilization of radiant energy by the photosynthetic forms. The last 

Needham: Contributions of Chemical Physiology to the Problem of Reversibility in 
Evolution. Biol. Rev., 1938, i3:22o. 

Cumley, Irwin and Cole: Proo. Nat. Acad. Sci., 1941, 27 ;565. 
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process, howevei’, became of quantitative iinporfcance in the green plan I s 
rather than the bacteria. With the accumulation of organic matter, tran- 
sitional forms, persisting today as the facultative autotroplics, arosc^ in 
which there appeared mechanisms for the oxidation of organic compounds; 
concurrent with this development came the ability to respire in Urn absi^m^e 
of molecular oxygen. The wide variety of bacteria which exist a(, llm prt^s- 
ent time may well be regarded as a consequence of the physiological 
expansion made possible by the accumulation of a varitd.y of organi(i com- 
pounds and the development of respiratory mechanisms thal, madt'; possibh^ 
their utilization. In this connection it is of interest that vcstig(‘s of aulo- 
trophic physiology, such as the ability to oxidize hydrog(m, p(‘rsisl, in sonu^ 
of the heterotrophic bacteria. 

With this development of respiratory mechanisms, how(^v(a*, a scric^s of 
degenerative changes appeared, the first being the loss of the ubilily to 
reduce carbon dioxide, followed by an increasing depciuhnuui upon pr(^- 
formed organic compounds as building stones for proloplasm and upon 
preformed components of the enzyme systems coruu^rtu'd in r<‘spiration, 
such as coenzyme, thiamin and the like. Degeneration appears most mark<‘d 
in the pathogenic forms (possibly reaching an ultirnal.e in th(^ fill.er'ahh‘ 
viruses if, as some think, these are microorganisms (lomphd.c^ly dc^pemdent 
upon the host cells for enzyme systems), and it is possible that this (h*g(m- 
eration has been accelerated through parasitism. 

Parasitism.^^ — Although the ability of some bu(^(,(n ia to product^ dis(^as(‘ 
may be a purely fortuitous coincidence, viz., the tetanus bacnllus. many of 
the pathogenic forms have, through long asso(5ial.ion, b<^(;om(^ adapt <m1 to 
life in the body of the host to such a degree that they an^ unahh^ to survive* 
in nature or possibly even on artificial culture media or in the*, bodit\H of 
animals closely related to the partknilar host., lliis s(^(nns, for (*xampl(*, to 
be the case with the leprosy bacillus, which, so far as is known, is not ahh* 
to grow anywhere except in the body of man and possibly of thtj anthropoid 
ape. Theobald Smith has suggested that bacteria of great puthog(mi(‘. pow<‘r 
should be regarded as incompletely adapted parasit(^s that have* not y(‘t. 
succeeded in establishing an equilibrium betwet^n th(5ms(*Iv<‘s and tlunr 
host. The less complete the adaptation, the more virulent the diseast^ pro- 
duced. This concept would explain the tendency of long (wl.ablishcHl dis(*aH(\s 
to decrease in severity at the same time that tluy an* b<H‘oming nunx* 
prevalent. 

This adaptation to a parasitic mode of existon<;e is indi(‘.at(*d in a variel y 
of ways. The nutritive requirements of some of l.lui pat.hogcmic bac*4(*ria, 
for example, such as the necessity for fresh blood, as<iiti<; lluid and tlu^ lik<* 
in laboratory media, suggest an adaptation to an environment in whi<di 
these or similar substances are available — the tisstuvs of th(^ host. 
optimum temperatures for the pathogenic baederia are, without (‘xc c'ption, 
the body temperatures of their hosts; the human typt^ of tub<u<fi(i bacillus 
grows best at 37° G. but the avian type is presumably adapted to I he 
higher body temperature of the bird, 41 to 42° C. 

Cf. Smith, Theobald: Pamsilism and Disease. Princcfcoxi UnivcTHitv Princ<*len. 

1934. 
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The question of whether a host may, through long association, become 
adapted to a parasitic bacterium to such a degree that the presence of the 
microorganism is either necessary or of advantage to the continued exist- 
ence of the host is an open one. In certain cases the presence of a parasitic 
bacterium bears a significant relation to the assimilation of food by the 
host ; such, for example, is the case with respect tq the leguminous plants 
and the root nodule bacteria, and the herbivorous animals and cellulose- 
decomposing microorganisms. Whether the abundant intestinal flora of 
man and other animals in general functions in a similar fashion has been 
the theme of considerable speculation and some investigation. Nuttall and 
Thicrfeldcr^® early showed that guinea pigs removed by Cesarean section 
and kept in a sterile environment survived for ten days or so, but Schot- 
telius®® was not successful in rearing bacteriologically sterile chicks. Nutri- 
tional inadequacies of the chick diet apparently accounted for these results, 
for it was later shown*^^ that chicks could be raised for as long as forty days 
in a bactcria-free environment. The work of Reyniers^^ and his colleagues 
in recent years has shown that not only chickens but a variety of higher 
animals such as guinea pigs, rabbits, rats, etc., may develop in the com- 
plete absence of bacteria. It appears likely, therefore, that an intestinal 
flora is not essential to the continued existence Of some of the higher 
animals, but whether it may be an advantage is as yet uncertain. 

Nuttall and "Fheirf elder: Ztschr. physiol. Ghem., 1895-~96, 2f:109. 
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Reyniers: Mlcrurgical and Germ-Free Techniques: Their Application to Experimental 
Biology and Medicine. Charles C Thomas. Springfield, 111. 1943. 



CHAPTER 7 


THE CLASSIFICATION OF BACTERIA 

The classification of bacteria presents peculiar diHicull i(\s that sUan niort' 
or less directly from their simplicity of structure. Since taxonomy in ^^nnu'rul 
rests on a morphological or anatomical basis, the relationship, pliy loginna u* 
or otherwise, of bacteria to the higher forms is diflkailt to (i(^lin(\ and tht‘ 
interrelations of the bacteria themselves present prohhans (o whi(‘li tax- 
onomy has, to date, offered no definite or entirely salis(ac‘.t,ory solution. A 
consequence of this structural simplicity is the v i(U‘spr(‘a(l use ot physio- 
logical characters in the differentiation of the bacteria into gcauna and 
species, characters whose counterparts among tlic higher oi-ganisins ar(% 
in general, regarded as of but minor taxonomic import, anc(\ As has b<‘<‘n 
pointed out previously, differences that are quite possibly trivial hiologi(‘- 
ally are often of great practical importance and liencc have <x)in(‘ to assurn(* 
a taxonomic significance that may often be entirely undeserved. In other 
cases the biological importance of a given charactcristi<‘. or group of <’hara<v 
teristics is unknown, and the inability to assess the slgnifi(‘an(ai ofcharatd.in’s 
proposed as differentials has led to disagreement among backtn’iologists. 

Such a situation clearly does not lend itself to order and syslcan nor, and 
perhaps most important of all, does it allow the dev(^loi>nu‘nl of a (’lassi- 
fication which is based upon characters of fundamental signific’unct? and 
which shows the biological or genetic relationship of thesi^ organisir.s to 
one another- The practical consequences arc two: tlune is no eJassifk^ation 
of bacteria which is generally accepted in more than its primary subdi- 
visions; and, second, the bases upon which various groups of bacteria are 
classified dilfer widely, as will appear, from om^ group of organisms to 
another. It should be emphasized, therefore, that bae.tcnial ''sptuht^s’’ art^ 
by no means analogous to the species of the zoologist, or hot.anisl and 
cannot be compared directly to them. 

The phenomenon of bacterial variation, discussed in the pnivious chap- 
ter, is clearly of no small importance in the classificat ion of t luvst? organisms. 
From the general biological point of view there is but lit.thi solid groumi 
upon which a sound taxonomic structure cun be built. In tlu? pra<!ti<tal 
identification of bacteria, however, such variations are not a souretj 
great embarrassment. As has been pointed out, the majority of bacit<‘rial 
variations arise as a consequence of alterations in the environment and, in 
a working sense, may be regarded as adaptations. The observed uniformity 
of the morphology and biochemical properties of the bacterial culture is 
due to the fact that observations of these characltjrs arc always made in 
the same way. It is only when the procedure is vari(Ml, either in terms of 
the past history of the bacterial culture or in the way in whi(^h the test is 
conducted, that variability becomes apparent and the illusory nature of 
the supposed constancy of these organisms is demonstrated. 
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The Classification of Bacteria 

The question of whether bacteria should be regarded as members of the 
plant or animal kingdoms is no longer considered of great importance. Pos- 
sessing characteristics of both, these organisms may be regarded as a 
connecting link between the plants and animals. Using the term bacteria 
in its broad sense, the m'croorganisms included under this head make up 
a continuous series of types which appear to connect the two kingdoms. 
The so-called higher bacteria, the sheathed, filamentous forms, are closely 
akin to the fungi; bacteria such as the tubercle bacillus and the diphtheria 
bacillus appear to be further removed from the plants but show some 
fungoid characters, such as tendencies to branching and filament formation. 
A.mong the well-known forms such as the streptococci, staphylococci, sporu- 
lating rods and gram- negative intestinal forms, the morphological relations 
to the fungi are less apparent; organs of locomotion appear, and with the 
spiral forms the bacteria merge into the protozoa. Physiological characters 
and the evidence of chemical cornposition of the cells tend to reinforce this 
intermediate position. The metabolism of these organisms is chemosyn- 
thetic, an animal-like character, but the ability to utilize ammonium salts 
as a source of nitrogen suggests a plant type of physiology; nucleic acids 
found only in plant cells or only in animal cells have all been found in the 
bacteria. It was proposed many years ago that a third kingdom be created 
for these organisms, the Protista, but since the dividing lines between such 
a third group and the plan Is on the one hand and the animals on the other 
are as vague as that between the plants and animals, the proposed new 
kingdom would solve no difficulties and has never been accepted. It is 
generally agreed, however, that the sum total of bacterial characters allies 
them more closely to the plants than to the animals, and they are classified 
with the plants as Schizomycetes or fission fungi (German Spaltpilzen). The 
relationship of the Schizomycetes to other plants may be indicated as follows: 

Phylum I. Thallophyia, plants without distinction of root, stem and branch 
Subphylum 1 — the algae 

Subphylum 2 — the fungi — ^thallophytes lacking chlorophyl 
Class I. Schizomycetes — ^the bacteria 
Class II. Saccharomyceies — ^the yeasts 
Class III. Phycomycetes — the algae-like fungi 
Class IV, Ascomyceies — the fungi forming ascospores 
Class V. Basidiomycetes — ^the fungi forming basidiospores 

Phylum 11. Bryophyta — the mosses 

Phylum III. Pleridophyla — the ferns 

Phylum IV. Spermaiophyia — the seed-bearing plants 

Although the interrelationships of the organisms included under Schizo- 
mycetes present problems which are, in many essentials, new to the tax- 
onomist, certain ‘‘natural” groups are apparent. Most obvious of these are 
the morphological groups which were made use of by Migula^ and by 
Lehmann and Neumann.® Migula’s classification, though now unused, ex- 
erted a strong influence upon bacterial taxonomy and, together with that 

^ Migula: System der Bacterien. Jena, 1897. 

^ Lehmann and Neumann: Atlas u. Grundriss der Bakt. Munich, 1896. The current 
(7th) edition of this work was published in 1927 and is available in an English translation. 
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of Lehmann and INeumann (which is current at present in a more t'.oniplex 
form), has been the basis upon which a great number of bacteriiil species 
have been named. The essentials of these classifications ar<i as follows: 

Migula’s classification ; 

Order I — Eubacteria 

I. Coccaceae — spherical forms 

1. Streptococcus — dividing in one plane — ^non-mo tile 

2. Micrococcus — dividing in two planes — non-mo tile 

3. Sarcina — diAdding in three planes — non-mo tile 

4. Planococcus — dividing in two planes — motile 

5. Planosarcina — dividing in three planes — motile 

II. Bacieriaceae — rod forms 

1. Bacterium — non-motile 

2. Pseudomonas — motile with monotrichous llagella 

3. Bacillus — motile with peritrichous llagella 

III. Spirillaceae — curved forms 

1 . Sp irosoma — non-motile 

2. Microspira — motile with one or two polar llagcdla 

3. Spirillum — tuft of polar flagella 

4. Spirochaeta — flexible spiral form 

IV. Chlamydobacteriaceae — sheathed filamentous forms 

1. Chlamydothrix — unbranched, uniform lilamcnLs 

2. Crenoihrix — unbranched filaments swollen at one end, lliiok sh<‘ath 

3. Phragmidioihrix — as Crenoihrix but thin sheath 

4. Sphaerotilus — branched filaments 

Order II — Thiobacleriales (including the colorless sulfur I)a(‘(<'!ria whicdn are divi<le(l 
into a number of species). 

Lehmann and Neumann’s classification : 

I. Coccaceae — spherical forms 

1. Streptococcus — in chains 

2. Sarcina — in packets 

3. Micrococcus — scattered or irregularly clustered 

II. Bacieriaceae — rod forms 

1. Bacterium — without spores 

2. Bacillus — with spores 

III. Spirillaceae — curved forms 

1. Vibrio — slightly curved, one or two polar flagella 

2. Spirillum — rigid spirals with lophotrichous flagella 

3. Spirochaeta — flexible spirals, no flagella 

Appendix of “mold-like” bacteria: 

1. Corynebacterium — ^rods, club-shaped, non-motile, non-spon^-furuiing, not 

acid-fast (diphtheria bacillus, etc.) 

2. Mycobacterium — acid-fast rods (as tubercle bacillus) 

3. Actinomyces — long threads showing branching. 

Morphology is, however, nob a suflicient basis for the separatiua of 
b^terial species, for many morphologically similar organisms may be quite 
dinerent in other respects. Physiological dilferences, generally readily de- 
terminable in the laboratory, have been widely used. In fact, one of early 
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classifications, that of Orla- Jensen,^ depended upon nutritional differences 
for the primai'y subdivision into three main groups : 

Orla- Jensen’s classification: 

1. The autotrophic bacteria which, like the green plants, require neither organic 
carbon nor organic nitrogen compounds 

2. Bacteria which require organic carbon compounds hut can dispense with organic 
nitrog(^n, using ammonium salts or other inorganic compounds of nitrogen 

3. Bacteria which, like the higher animals, require both organic carbon and organic 
nitrogen compounds 

From these early beginnings bacterial classification has evolved through 
some sixty odd schemes to perhaps half a dozen current today The criteria 
made use of are, in the order of approximate fineness of distinction made: 

(1) morphology — both gross and microscopic, 

(2) physiology — biochemical properties, 

(3) pathogenicity — of the disease-producing bacteria, 

(4) immunology — the antigenic structure of the bacterial cell. 

Of these current classifications those of Lehmann and Neumann, ^ Janke,^ 
Pribram, Kluyver and van Niel,’^ and Bergey,® should be mentioned. 
Bergey’s classification, which is the most ambitious and detailed scheme 
yet attempted, developed from the earlier classification of Chester® and 
the work of a committee of the Society of American Bacteriologists, but is 
not, as is sometimes supposed, the official expression of the views of the 
Society as a whole. The Bergey classification has gained ascendancy in this 
(x)untry in recent years, though it is seldom used outside the United States. 
This is regarded by many as an unfortunate circumstance, and the classi- 
fication has been severely criticized’® because it is based. upon arbitrarily 
(Jiosen differen tial characters and does not rest upon a sound phylogenetic 
basis. 

Acicording to the most recent classification in Bergey’s Manual (1939) 
seven orders of Schizomycetes are recognized: 

1. l]ubaclenaleB: CotupriscH the majority of the common and most familiar bacteria: 

The staphylococci, streptococci and sarcinae; the aerobic anthrax bacillus, hay 

bacillus) and anaerobic (c.#/., tetanus bacillus, gas gangrene bacillus) spore-forming 
hacalli; the larges group of colon-typhoid-paratyphoid-dysentery bacilli; the plague 
bacillus, many plant pathogens, the nitrogen-fixing bacteria, the autotrophic nitrifying 
bacteria, a wide variety of cdiromogenic bacilli, the cholera vibrio and many others. 
T^he members of this order do not show true branching. Some are non-motile, some motile 
through the agency of jlagella. 

2. Actinomycctales: These are mold-like organisms with a decided tendency to true 
branching. 7'' hey are non-motile. The familiar bacteria of this order are the tubercle 

Orla-Jtmsen: Gcintralhl. t Bakt., Abt. II, 1909, 22:305. 

^ For a discussion of bact-erial classification and its development see Buchanan: 
(Umeral Systematic Bacleriotogy. Williams & Wilkins Company. Baltimore. 1925. 

s Jank(/: Oeaterr. Bolt. Ztschr., 1929, 7^:108. 

® Pribram: K lass ificat ion der Schizomyceten (Bakterien). Leipzig and Wien. 1933. 

Kluyver and van Niel: Centralbl. f. Bakt., Abt. 11, 1936, 94:369. 

^ Bergey: Manual of Determinative Bacteriology. 5th ed. Williams & Wilkins Company, 
Baltimore. 1939. 

® Chester: Manual of Determinative Bac^eno/opy. Macmillan. New York. 1901. 

10 Cf. Stanier and van Niel: Jour. Back, 1941, 42:437. 
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bacillus, the diphtheria bacillus, certain fungus-like or^-anisnis (‘ausing lumpy jaw in 
cattle (occasionally transmitted to man) and the tropical alfecdion calb'd Madura foot 

3. Chlamydobacteriales: Mold-like organisms with sheaUwd jihwiCTifiy. No irtie bnuicfi- 

ing, but false branching in many species. Sheath frequently impregnated unth iron hut no 
sulfur granules in the cells. These are the “iron bacteria.” None of this ord(T is kno wji to be 
pathogenic. . . 

4. Caulobacteriales: Non-fdamentous organisms growing characteristically on stalks 
of gum, ferric hydroxide or other material secreted from one side or one end of the celt. In some 
species the stalks may be very short or absent. No sheaths, lypically water forms, none. i» 
kiiown to be pathogenic. 

5. Thiobacteriales: Filamentous organisms, but no sheaths. These arc th<^ “sulfur 
bacteria.” They contain sulfur granules and certain pigments (hacteriopiirpurin) in the celt. 
No pathogens known. 

6. Myxobacteriales: Molddike slimy organisms with an ameboid stage (pseiidoplas- 
modia) which posses over into a resting stage. No pathogen^s known. 

7. Spirochaetales: Protozoan-like organisms. Slender llexible spirals, motile by means 
of undulating cell movements and not by flagella (the spirally-shaped cholera vibrio and re- 
lated organisms form flagella). Multiplication by transverse fission. The organisms causing 
syphilis, the relapsing fevers and infectious jaundice are 8pirochet(?8. 

These orders of Schizomycetes are fairly well defined arul are recognizably 
useful divisions. Not so much can be said, however, of the atteinpt.(‘<I sub- 
divisions within the order of Euhacter tales, the largest and most heteri)- 
geneous of the main groups. The recent creation of new subdivisions (\s(.ab- 
lishes twelve “families,” fifteen “tribes” and fifty-eight “genera.” Some 
of the criteria for genera are not generally accepted, and the number of 
“species,” “varieties,” “races,” and “types” is legion. It is here that the 
greatest difficulties in the classification of bacteria are enciountered. 

Nomenclature. — Throughout the development of bac.teriology names 
have been given these organisms in a haphazard fashion and oftem with 
singular disregard for the conventions of botanical nomeiu^Iature. In gen- 
eral, however, a bacterium has a generic name, always written with a 
capital letter, which may or may not be descriptive (for c.xam[)le, Bacillm- 
a small rod ; or Pasteurella — in honor of Pasteur) and a specifics name which 
may be an adjective {alhus — white) or a noun indicating poasession 
tridium welchii — ^Welch’s clostridium) or a noun in apposition (Bacillus 
radicicola — the root-dweller bacillus). The practice of indicating the author 
of the name, as in Bacillus subtilis (5ohn, is not as common in i)a(d*eriol<)gy 
as in zoology or botany. The use of trinomial and quadrinomial names such 
as Granulohacillus saccharohutyricus mohilis nonliqaefaciens is obviously 
highly undesirable. Trinomials are occasionally useful in the designation of 
varieties of subspecies. Common names arc, of course, used; terms sindi as 
Friedlander’s bacillus, the typhoid bacillus, etc., are frequently em^minlercd. 

Genera. — Perhaps one of the greatest difficulties the bacd.('.rial t.axono- 
mist labors under is the paucity of genera. The question of what degreui of 
difference shall be judged sufficient to establish new genera is one to whi<;h 
there is as yet no satisfactory answer. At the present time conmdimxhlo 
confusion and lack of uniformity still exist. In a number of instamajs new 
generic names have obtained wide currency among bacteriologists in many 
p^ts of the world, partly, doubtless, because they are applied to faii^ly 
distinct groups of microorganisms and have genuine classifkatory value. 
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Such are Brucella (for the bacilli of undulant fever of man and contagious 
abortion of cattle), Salmonella (for the paratyphoid bacilli) and Pasteur ella 
(the bacilli of hemorrhagic septicemia in domestic animals and the bacilli 
of plague and tularemia). Without any formal international agreement, 
these names can be said to have won international standing. Other generic 
names proposed from time to time by individuals and small groups have 
not been so fortunate. A number of the genera recognized in Bergey’s 
Manual have never come into general use outside the United States and 
even here are not employed universally. This is partly because of the doubt 
some bacteriologists have felt as to the generic validity of the new grouping, 
as Aerohacler or Alcaligenes; partly because the names proposed are ca- 
cophonous, as Escherichia; partly because the old names that they are 
intended to displace are firmly imbedded in bacteriological literature; but 
also in large part because some of the new names have made their debut 
before the world of bacteriologists too suddenly, without sufficient 
familiarizing discussion. 

In a number of instances it seems necessary to mention both old and 
new names whenever a microorganism is referred to. Few bacteriologists 
venture to use the name Serratia marcescens without explaining that they 
mean Bacterium prodigiosum or Bacillus prodigiosus, or Gaffkya tetragenus 
without the equivalent Micrococcus tetragenus. Similarly the adherence of 
bacteriologists to various taxonomic schemes gives rise to a series of names 
for a microorganism; the familiar typhoid bacillus may be Bacterium typho- 
sum, Bacillus typhosus, Salmonella typhi or Eberthella typhosa. The genus 
Pfeifferella suddenly appears and in a short time as suddenly vanishes 
and the new genus Malleomyces takes its place; few know whether the sole 
organism in the new genus Listerella deserves generic rating, or how to 
classify the '‘fusiform bacteria.” On the whole it would seem reasonable 
to move slowly in the creation of new genera and to retain the older names 
until a fair degree of agreement can be reached for an acceptable inter- 
national usage. 

For the present the bacteriologist seems to have no escape from using a 
double set of generic names for certain organisms, or from using the older, 
albeit nomenclatorially unjustifiable, names for others, while welcoming 
certain new and useful generic designations such OiS Brucella Salmonella. 
Uniformity, consistency and strict adherence to the rules of biological 
nomenclatorial practice are perhaps far in the future. 

Species. — Classification within the genus is likewise difficult, again be- 
cause there seems to be no sort of unanimity of opinion among bacteriolo- 
gists as to what constitute proper criteria for establishing a species. New 
species have been frequently set upon a single character, such as the 
possession of a particular antigen. Among the pneumococci antigenic dif- 
ferences have been made the basis of “types;” in the genus Salmonella they 
are used for “species” characters. Among the dysentery bacilli investigators 
have used both serological methods and biochemical reactions for estab- 
lishing “species” or “groups;” neither method has proved entirely satis- 
factory. The alteration of specific names of some well-established species 
adds, in a minor degree, to the confusion. With the creation of the genus 
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Eherthella, for example, typhosum or typhosus became typhi, but the current 
Bergey classification returns to typhosa on the ground tlmt Eherthella typhi 
suggests typhus fever rather than typhoid fever — a justification inconsistent 
with the continued presence of Salmonella choleraesuis. 

The designations of the generic subdivisions are in a pai ticular’y chaotic 
state. The immunological types or varieties of the pneumococci are com- 
monly characterized by Roman numerals; similar immunological types in 
the genus Salmonella are given the dignity of species and have been as- 
signed specific names, usually place names — “London,” “Berlin,” “New- 
port.” Streptococci have been distinguished on the basis of hemolytic 
power by letters of the Greek alphabet, while types of Clostridium hotuli- 
num, differentiated by toxin production, are characterized by the letters 
A, B and C. In point of fact, as indicated in the preceding chapter, not 
enough is yet known about bacteria and their life histories to establish any 
classification and nomenclature based on “genetic relationships” and, for 
some time to come, names, “types” and subdivisions will continue to con- 
form to convenience and to current and local usage much more closely 
than to a consistent and uniform taxonomic system. 



CHAPTER 8 

THE RELATION OF BACTERIA TO DISEASE 

Prior to the discovery of the causal relation of bacteria to the infectious 
diseases, these afflictions were regarded as an outward manifestation of 
the activity of some metaphysical or supernatural agency. A common be- 
lief, and one that still persists among some primitive peoples, was that of 
demoniacal possession, the invasion of the human body by the demon, 
taking the form of punishment for misdeeds or a consequence of individual 
failure to take adequate precautions against malignant spirits. When the 
advance of knowledge brought a larger measure of understanding of the 
structure and functions of the human body, a new and semiscientific theory 
of disease sprang into being and, although not entirely displacing the con- 
cept of demoniacal invasion, attained world-wide influence. The Hippo- 
cratic theory of disease, as it was called after its founder, the Greek physi- 
cian Hippocrates, postulated four bodily humors, blood, phlegm, yellow 
bile and black bile. Health consisted of a proper mixture of these humors, 
disease an improper mixture. Although supplanted to a mild degree in the 
seventeenth century by more complex and mystical theories such as the 
homeopathy of liahnemann, the Hippocratic doctrine of humors was 
dominant throughout the middle ages and even yet colors much medical 
thought and practice. 

Amid the vagueness and confusion of these half mystical hypotheses 
emerged the tangible and definite germ theory of disease. As already pointed 
out, the germ theory of disease is the legitimate offspring of the germ theory 
of fermentation, and owes its origin to the memorable investigations of 
Louis Pasteur. The belief that the infectious diseases are caused not by 
demons or improper mixtures of humors or by any spiritual dynamic 
derangement but by microscopic plants and animals is now securely 
established on a firm experimental foundation. 

Koch’s Postulates. — The unequivocal proof of a suspected causal rela- 
tion between a given bacterium and a particular disease is dependent upon 
the development of a logical chain of experimental evidence which is often 
formalized as a series of postulates. These are commonly known as Koch’s 
postulates although therels no evidence that Koch himself expressed these 
experimental steps in terms of formal “postulates.” There are four of these: 

(1) The bacterium must be observed in every case of the disease. 

(2) The bacterium must be isolated and grown in pure culture. 

(3) The bacterium, in pure culture, must, when inoculated into a 

susceptible animal, give rise to the disease. 

(4) The bacterium must be observed in and recovered from the experi- 

mentally diseased animal. 

Clearly, if each of these steps can be carried out, the evidence implicating 
the bacterium as the causative agent of the disease is very strong indeed. 
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Although in a great many cases this chain of experimental evidence 
can be developed, or, as sometimes said, Koch’s postulates can be fulfilled, 
and the story is in its essentials complete, in a considerable number of 
diseases one or more of these steps cannot be carried out. In this connec- 
tion, these experimental steps are best considered one by one. 

The first postulate may be fulfilled in practically all cases if the t,erm 
“observe” may be taken in its broad sense. Bacteria, of course, can be 
observed in the literal sense, but the submicroscopic filterable viruses can- 
not be seen with the aid of ordinary equipment. Their presence may be 
demonstrated, however, by animal inoculation, and it is not unreasonable 
to regard such a procedure as observation in a very real sense. It should 
be pointed out here that in the early days of bacteriology it was assumed 
that the bacterium under suspicion should be present only in cases of 
disease and not in healthy individuals. It is now well known that the 
corollary does not necessarily follow. A number of pathogenic bac*, tenia 
such as those causing diphtheria, typhoid fever and the like, may be prescnit 
in a virulent form in healthy persons who show no clinical sym])l-oms. 

The second postulate is, in general, somewhat more diiriciilt to satisfy, 
although in most cases a causative bacterium may be isolated and grown 
in pure culture. Perhaps the best known example of an organism that has 
not been cultivated outside the body of the host is the leprosy bacillus 
(see, however, p. 591), and as a consequence it cannot be said with (cer- 
tainty that this bacterium is responsible for the disease. Hie ultrami(5ro- 
scopic viruses have not been cultivated on lifeless media and, although 
these agents may be shown to proliferate in tissue cul ture or in the develop- 
ing chick embryo (p. 795), there is no positive assurance that succh cultures 
are “pure,” i. e., that a virus is but a single entity and not a mixture of 
two or more viruses. 

The third postulate is, in practice, probably the most difficult one l.o 
fulfill. The disease must be reproduced in a clinically recognizable form; 
a localized infection or a general septicemia is not sufficient although often 
suggestive. Since the most important diseases, from the anthropocentric 
point of view, are the diseases of human beings, it is necessary to find an 
experimental animal that will respond to the infection in the same or 
nearly the same manner as the human subject. A satisfactory experimental 
animal which complies with this requirement may be difficult to find, for 
phylogenetic relations are not necessarily correlated with susceptibility; 
monkeys, chimpanzees and the like are not, in general, better experimental 
animals than rabbits, guinea pigs, etc. The importance of the experimental 
animals to the study of an infectious disease is obvious; epidemic influenza, 
for example, in spite of the tremend.ous amount of concerted study which 
followed the 1918 epidemic, was but poorly understood until it was dis- 
covered (1933) that the disease could be reproduced in the ferret. The 
difficulties sometimes encountered in the experimental reproduction of a 
disease very likely stem in part from the adaptation of the bacterium to a 
parasitic mode of existence in conjunction with a particular host species. 

fourth postulate generally offers no difficulties if the preceding three 
can be satisfied. Its importance should, however, not be minimized, for th<^ 
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presence of tlie microorganism in the experimentally infected animal is 
indicative ol its proliferation and invasion of the host tissues. 

A fifth postulate is sometimes added to the original four; namely, the 
injection of the products of a bacterium should give rise to the clinical 
symptoms of. the disease, dhis postulate is applicable to those organisms 
which form soluble or exotoxins, such as the diphtheria and tetanus bacilli, 
but it is not of general significance in the incrimination of a bacterium as 
a cause of disease. 

As indicated above, not infrequently one or more of these postulates 
cannot, or has not, been satisfied with respect to a given disease. The 
question then aris<^s as to whether the suspected microorganism may be 
held responsible for the disease on the basis of only partial compliance 
with K!.o(‘,h’s postulates. There is, unfortunately, no general answer to this; 
each (‘ase must bc^ considered on its own merits. In some diseases, such as 
leprosy, the actual evidence consists in the observation of an association 
of a particular bacterium with a certain clinical syndrome and pathology. 
Whether the association may be interpreted in terms of causality is, of 
course, cpiite uncertain and consequently the etiology of leprosy is, as 
noted above, not definitely known. The absence of other possible etiologic 
agents may bo regarded as favorable, though weak, ancillary evidence, 
and Mycobacteriam leprae is generally, though tentatively, considered to 
he the cause of this disease. 

In other cases indirect evidence assumes a more important position; in 
that, of the virus diseases, for example, while there is no absolute assurance 
that a tissue culture represents a pure culture of virus, the homogeneity of 
the infective agent is rendered highly probable by facts such as the im- 
munological relation existing among strains of a virus (e. g., influenza or 
poliomyelitis) and the relative constancy of the epidemiology and path- 
ology of the disease. The inability to isolate a filterable virus in “pure 
culture,” then, is not a serious deterrent to the implication of these agents 
in the causation of disease. 

The case of typhoid fever is somewhat different, for here, although the 
organism may be grown in pure culture, the clinical picture of the disease 
cannot be reproduced in the laboratory animal. Indirect evidence such as 
the epidemiology of the disease, the undoubted efficacy of immunization 
with killed suspensions of the typhoid bacillus in pure culture, etc., is so 
strong that the disease may be regarded as almost certainly caused by this 
microorganism, even in the absence of the inadvertent laboratory infections 
of human beings which have supplied the missing link in the chain of evidence. 

It is clear, then, that while the fulfillment of Koch’s postulates is, in 
general, essential to the proof of the bacterial etiology of a disease, in 
some instances in which a part of the necessary direct evidence is lacking 
the weight of ancillary evidence may be sufficient to make the postulated 
causal relation highly probable or, occasionally, practically certain. It may 
be noted at this point that the logical processes contained in Koch’s pos- 
tulates are by no means confined to the study of infectious disease; the 
responsibility for a given fermentation, for nitrogen fixation, etc., is 
fixed upon a particular microorganism by essentially the same logical 
development of experimental evidence. 
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The Relation of Bacteria to Disease 

Even though a bacterium has been shown to be pathogenic, i. <?., capable 
of producing disease, the outcome of a chance contact between such a 
microorganism and a prospective host is variable. The result of this contact 
may be negative with no clinically apparent departure from the normal 
physiological state regarded as health, or obvious disease of varying degree 
of severity may ensue. The nature of the outcome is dependent upon the 
interaction of two factors, the virulence of the organism and the resi star ice 
of the host. Both virulence and resistance are vague terms which express a 
combined effect of a variety of component factors. Some of these are known 
in each case, although the manner in which they function is generally not 
well understood, and there are undoubtedly many more which are unknown 
and possibly unsuspected at the present time. 

VIRULENCE 

The precise meaning of the term virulence is difficult to delinc in an 
entirely satisfactory fashion. Some workers include the ability to I’orm 
soluble toxins as a part of the virulence of a bacterium; toxigcmic diph- 
theria bacilli, for example, are said to be “virulent” while the a toxigenic 
diphtheroids are regarded as “avirulent.” Others assume virulence to be 
synonymous with invasiveness, the ability of a microorganism to invade 
the tissues of the host. Under the circumstances it is perhaps best l.o 
disregard these more subtle distinctions and to define virulence as the 
ability of a bacterium to produce disease, thereby making virulence and 
pathogenicity synonymous. 

The Measurement of Virulence. — By definition virulence can be 
measured only in terms of the production of disease. In man it is usually 
judged on the basis of case fatality rates, a highly virulent microorganism 
producing death in a large proportion of the infected persons, and one of 
low virulence only a small number of deaths. Similarly, the titration of 
virulence (or any lethal agent such as a toxin) in the experimental animal 
is based on deaths, but dosage, which is inversely related to virulence, can 
be varied. Thus virulence (or toxicity) may be defined as the dose which 
will produce the specified deaths in a specified animal. 

In the earlier studies virulence was measured as the minimum lethal 
dose, defined as that amount of the substance to be tested which would 
just kill the experimental animal, and definitions of toxin units, etc. are 
given in terms of these limits (p. 256). In recent years it has become gen- 
erally apparent, however, that an accurate measure is essentially statistical 
in nature. It is assumed, and not unreasonably, that the resistance of the 
normal animal to the lethal agent rests on a probability basis and is nor- 
mally distributed, i. e., is described by the Gaussian frequency distribution. 
If this function is integrated, an S-shaped curve is given by the plot of the 
integral which describes accumulated deaths plotted against dosage. The 
point of inflection is, of course, that dose with which 50 per cent of the 
animals die. This is called the median lethal dose or LDgo dose. This dose 
can he calculated by a relatively simple procedure^ from the accumulated 
deaths from graded doses extending through the 50 per cent endpoint. 

^ Reed and Muench: Ainer. Jour. Hyg., 1938, 27:493. 
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For purposes of comparison between, for example, normal and treated 
animals, determination of the LDso doses allows a relatively precise rneasure 
having a standard basis. A somewhat less satisfactory but comparable 
procedure is that of relative survival times. A variety of other methods of 
analysis may be used for purely comparative purposes. For example, con- 
trol and experimental death rates may be tested for statistical significance 
by the point binomial or fourfold table. Comparative death ratios, such as 
8/10 to indicate that 8 animals died of 10 inoculated, are almost useless 
from the quantitative point of view. 

Toxins.— It is difficult if not impossible to account for the derangement 
of the normal physiological processes and attendant clinical symptoms of 
an animal suffering from an infectious disease on the basis of a purely 
mechanical effect of the presence of the invading bacteria in the blood or 
other tissues. It was early discovered that a number of the palhogenic 
bacteria produce poisonous substances which, when absorbed by the host, 
give rise to the symptoms and pathology chai^acteristic of the particular 
disease. It has been pointed out previously (p. 129) that these poisonous 
substances or toxins fall into two categories: (a) the soluble toxins, exo- 
toxins or true toxins which apparently diffuse out of the intact bacterial 
cell into the surrounding culture medium or tissue; and (b) the endotoxins 
which do not diffuse out of the intact bacterial cell but may be separated 
from it in vitro by mechanical disruption of the cell structure. These sub- 
stances are liberated in vivo through destruction of the bacterial cells by 
the various defensive mechanisms of the host. 

The soluble toxins, although not a part of the cell substance, cannot be 
regarded as secretions in the usual sense of the word. The rate of appear- 
ance of toxin does not, except in the case of Colstridium welchii, parallel the 
rate of growth of the culture ; toxin is liberated in the greatest amounts after 
the phase of active growth is over and many of the cells are dead or dying. 
The endotoxins appear to be a part of the cell substance of bacteria con- 
taining them; organisms such as the cholera vibrio, certain of the dysentery 
bacilli and the like may be regarded as microorganisms whose protoplasm 
is toxic to the higher animals which they infect. There are a number of 
dilfereiaces between these two types of toxins which may be summarized 
as follows : 


Exo toxins 

(1) Occur outside the bacterial cell. 

(2) Poisons of extremely high potency. 

(3) Excellent antigens which give antisera 
of high tiler. 

(4) Combine with antibody according to 
the law of multiple proportions. 

(5) Protein in nature. 

(6) Thermolabile. 

(7) Destroyed by proteolytic enzymes. 

(8) Detoxified by formaldehyde. 


Endotoxins 

(1) Intracellular in the intact cell. 

(2) Low potency. 

(3) Poor antigens, antisera of low po- 
tency. 

(4) Do not combine in multiple propor- 
tions, 

(5) Some are proteins but some are glu- 
colipoids. 

(6) Thermostable. 

(7) Resistant to the action of proteo- 
lytic enzymes. 

(8) Toxicity not affected by formalde- 
hyde. 
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These differences are by no means absolute, and the listing of them reprt*- 
sents a generalization to which there are a number of (^xc'.ept ions, as will 
appear. Consequently, the identification of a toxin as an exo- or <a\dotoxin 
can he made, not on the basis of a single property, but only on th(^ aggr<*- 
gate of the properties it exhibits. Even when all its proi)erties are taken 
into consideration, a given toxin, such as the Shiga dysentery ba(‘.illus 
toxin, for example, may occupy an anomalous position. 

The soluble bacterial toxins are, by a comfortable margin, tlu^ most 
potent poisons known; only the vegetable poisons, ricin and abrin, approac'h 
them in potency. In terms of minimum lethal dose (JVI LD) for an adult 
man, tetanus toxin, in an impure form, compares with other poisons as 
follows: 

atropine t ing. 

strychnine 3()"-4() 

cobra venom 4.4 

tetanus toxin <0.2 “ 

The tremendous potency of these soluble toxins is further indicia 1 .<h 1 by 
the extremely small quantities of purified material necessary to kill cvxpc'ri- 
mental animals. Eaton’s^ and Pappenheimer’s^ purest preparations of 
diphtheria toxin killed guinea pigs in amounts of 0.0004 mg. ][)er kilogrant 
body weight. The most potent of the soluble toxins arc those fornu'd by 
Clostridium tetani, Clostridium hotulinum and the diphtheria bacillus; 
others, such as that of Clostridium welchii, are much IckSS poUmt, and it 
may require as much as 0.1 cc. of culture filtrate to kill an expcu imental 
animal. Still less potent are the endotoxins whose minimum lethal dose 
may be as much as one million times greater than that of a potent exo toxin. 
The MLD of a killed broth culture of the cholera vibrio, for <‘xainpl(\ is 
about 0.5 cc. for the guinea pig. 

The potency of these toxins is, in general, paralleled by their enieiemey 
as antigens. Antitoxic sera of high titer, 1 cc. of which will neutralize 
thousands of guinea pig MLD’s, may be obtained against diphtheria toxin, 
but antitoxic sera prepared against endotoxins are generally of very low 
titer — several cubic centimeters may be required, to neutralize 1 to 5 
MLD’s of endotoxin. The neutralization of exotoxin by antitoxin proccHids 
according to the law of multiple proportions, i. e., if x units of antitoxin 
neutralize y units of toxin, nx units of antitoxin will neutralize ny xniits of 
toxin (see p. 257). The neutralization of endotoxin does not proceed in thiwS 
orderly manner; it may be possible to protect an animal against 4 to 5 
MLD’s by the injection of antiserum, but if much more endotoxin is given, 
greater amounts of antiserum will not provide protection. 

The nature of toxins, the soluble toxins in particular, has been a subject 
of long-continued interest.^ The soluble toxins appear to be proteins; they 
are denatured by heat, may be salted out of solution, etc. None of them 
has been crystallized, but it is not unlikely that the preparations of Eaton^ 
and Pappenheimer^ represent pure diphtheria toxin. Both preparations 

2 Eaton: Jour. Bact., 1936, 31 :M7. 

3 Pappenheimer: Jour. Biol. Ghem., 1937, 120:543. 

^ See the review by Eaton: Bact. Rev., 1938, 2:3. 
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were found to contain 0.00046 to 0.00055 mg. of nitrogen per Lf unit 
(roughly 100 guinea pig MLD’s; see p. 256). With the exception of botu- 
linum toxin, the soluble toxins are destroyed by proteolytic enzymes; 
botulinum toxin is, therefore, the only toxin which is effective when given 
by mouth. There is no chemical evidence which explains, even in part, the 
toxicity of these. substances; these pi'oteins do not seem to differ in any 
essential respect from bland proteins, such as egg albumin. It has been 
suspcM;t(',d that toxicity might be a property of a prosthetic group attached 
to the protein molecule, but this appears not to be true; the balance of 
evid(ince indicates that the toxicity is a property of the structure of the 
toxin molecule, possibly of the arrangement of the constituent amino acid 
molecules in the protein. It has been suggested that the toxins may act by 
blocking some essential metabolic process, as appears to be the case with 
some of the sulfa drugs (p. 72), or they may function as enzymes which 
destroy some essential structure in susceptible cells or distort normal 
cellular physiology to produce abnormal metabolic products.^ 

’'fhe discovery that the toxic qualities of the soluble toxins are destroyed 
by treatment with formaldehyde which, at the same time, leaves the anti- 
geni(; and antitoxin-combining properties of the toxin unimpaired, has 
been of the greatest practical importance in immunization procedures. 
Toxin so treated is called toxoid or anatoxin. It might be supposed that this 
obser’vation would throw some light on the nature of the toxicity of these 
substances since formaldehyde is known to block amino groups — a fact 
taken advantage.’; of in Sprensen’s formol titration of amino acids. Because 
of the effect of formaldehyde on toxicity and the results of detoxification 
with ketene and phenyl isocyanate, some workers have supposed that the 
free amino groups of the toxin molecule, such as the e~amino group of 
lysine, arc intimately associated with toxicity, but the evidence for this is 
by no means complete. 

The endotoxins are, in. general, much more resistant to heat and to the 
protciolytic (mzymes than are the soluble toxins. Many require heating to 
8()“™1()()° C. for one hour, and. an endotoxin isolated from the meningococcus 
requires one hour at 120® C. for destruction; in contrast, the most resistant 
of the soluble toxins, botulinum toxin, is destroyed by exposure to 80° C. 
for ten minutes. Some o(‘ the endotoxins are destroyed by the proteolytic 
enzyuH^s, but others appear to be immune to the action of these ferments. 
Similarly, formaldehyde has little or no effect on the majority of the 
endotoxiiis. 

Some of the endotoxins are protein, and it is thought by some that these 
substances are not toxic per se but are broken down in the animal body, 
either in the cells or body fluids, to toxic split products.® Recent work^ has 
indicated that some of the endotoxins are not proteins but glucolipoids 
which are toxic to the animal body just as are some of the glucosides. 

Macfadane and Knight: Biochem. Jour., 1941, 55:884. 

® Vanghn, Vaughn and Vaughn: Protein Split Products in Pelation to Immunity and 
Disease. Lea and Febiger. Philadelphia. 1913. 

^ Boivin and Mesrobeann: Rev. Immunol., 1935, i:SS3; ibid., 1936, 2.*113; ibid., 
1937, 5:319. 
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Substances such as these would not, of course, be aireeled l)y rorinaldc- 
hyde or proteolytic enzymes. Their toxicity is deslroycd by mild ac'.id 
hydrolysis. 

Following the injection of exo- or endotoxins, a pca'iod of iiumbation 
elapses before symptoms of intoxication appear. Idiis iiunibation p(a’iod 
may be very short or may extend to thirty-six or forly-caght hours or 
longer. It may not be reduced below a lower limil, liow(‘V(U’; llu^ usual 
incubation period of tetanus toxin is thirty-six hours and all hough this 
may be reduced to twelve hours by the injection of large amounls of loxiu, 
it cannot be reduced below this point no matter how much loxin is admin- 
istered. It is sometimes stated that endotoxins have no iiuuibalion p(a’iod, 
thereby differing from the exotoxins, but this is not generally tru(\ 

The pharmacological action of the soluble toxins reseitibl(\s lhal of the 
vegetable alkaloids and is sometimes quite delinite an<l (‘,hara<‘l('risli<‘. for 
each toxin. Diphtheria toxin, for example, produx'os d(‘g<MU‘ral ion of llu^ 
heart muscles, ^kidneys and liver and the hemorrhagica reacdion in th(‘ 
adrenals which is a highly characteristic postmortem linding in l ln^ guiiuui 
pig. A part of tetanus toxin (tetanospasmiti) has an alTinity for th(‘ molor 
nerves. On the other hand, the symptoms and pathology resulting from 
administration of the endotoxins are not at all charaeterislieallhough minor 
distinctions have been reported. Animals inoculated wi(h lelhal <los(\s of 
these substances usually show dyspnea, diarrhea and, in some cuiscvs, Ihuund 
paralysis of the posterior extremities, become progressively weaken' and 
finally die without having exhibited symj>toms lhat might b(^ rc^gaixh'd as 
characteristic of a particular endotoxin. The histopalhology ofl.en indicud e^s 
that the toxin exerts its effects on the blood vessels, damages to whic^h r<\sul ts 
in degenerative changes in the tissue supplied. 

It is probable that there are certain “nutrilive rc'ciuircnnenls” for the 
formation of toxins. It is, for example, quite possible to grow a toxigcmic 
bacterium on a medium of simplified composition, good growth benug ao 
companied by the concurrent formation of either no toxin oi' a vc^ry wc^ak 
toxin.® Complex organic compounds are probably not esseulial in all case's, 
but other substances may be required; toxin production by the diphtheria 
bacillus, for example, occurs in simple synthetic media in I, he pix'si^mu^ of 
both copper and iron in optimal amounts but not in the absetuu^ of thos('- 
elements.® 

As has already been suggested, the bacterial toxins are not unicpie. Sub- 
stances closely resembling the soluble toxins occur in the seeds of some of 
the higher plants and in the secretions of certain animals. Among the better 
known toxins of plant origin (phytotoxins) are ricin (from the castor oil 
bean, Ricinus communis), abrin (from the jequirity bean, Ahrus preca- 
forms), and the similar substances, crotin and robin. The more familiar 
examples of similar poisons of animal origin (zootoxins) include snake 

8 Cf. Burrows: Jour. Inf. Dis., 1933, 52:126. 

8 L<^ke Main: Jour. Inf. Dis., 1931, 45.-419; Pappenheimer and Johnson: Bril. 
Jour. Exp. Path., 1936, i7 :335, 342; Pappenheimer, Mueller and Cohen; Proc. Soc. Exp. 
Biol. Med., 1937, 56:795. See also the general review by Bordet: Ann. Inst. Pasteur, 
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venoms, the poisons of scorpions and spiders and an actively poisonous 
substance present in eel blood. The chemical behavior and physiological 
action of these poisons is strikingly simileir to those of the bacterial exo- 
toxins. Antitoxins have been prepared against a number of these substances 
and the antivenins have been used with considerable success. 

The ‘‘Invasiveness” of Bacteria. — It was early suggested that, in addi- 
tion to toxins, some of the highly virulent bacteria which invade the host 
tissues with great rapidity are enabled to do so by the secretion of soluble 
substances termed aggressins by Baib® and virulins by Rosenow.^^ Although 
subsequent experiment has provided evidence which strongly supports this 
general concept, these terms have, at present, little more than historical 
significance. It has been found that virulence in terms of tissue invasion 
and destruction of the defensive mechanisms of the host by bacteria may 
be subdivided into a number of component factors. The more important of 
these are the hemolysins and leucocidins which destroy the red and white 
blood cells, the coagalases and fibrinolysins which influence the formation 
and dissolution of blood clots and a spreading factor which produces a 
marked increase in the permeability of the host tissues. Although some of 
these properties are associated with virulence, others are not so correlated 
and their relative importance is uncertain. It is probable that the ability 
of a bacterium to invade the tissues is not dependent upon any single prop- 
erty but rather upon a combination of properties, including both those 
that are known and others that are as yet unknown. 

Hemolysins. — A variety of bacteria produces hemolysins, substances 
which bring about the dissolution of the red blood cells of higher animals. 
The bacterial hemolysins, which are to be distinguished from the immune 
hemolysins formed by an animal in response to the injection of red cells of 
another species (p. 259), are of two types, the so-called filterable hemolysins 
which are extra-cellular and may be separated from the bacterial cells by 
filtration, and the hemolysins which are demonstrated by the cultivation 
of bacteria on semisolid media containing whole blood. 

The filterable hemolysins are sometimes named after the bacteria which 
form them; a streptolysin, for example, is a hemolysin produced by strep- 
tococci, and a staphylolysin a hemolysin of staphylococci. Hemolytic ac- 
tivity is demonstrated by the addition of filtrate or whole culture to a 
suspension of washed erythrocytes in physiological salt solution; after a 
period of incubation the red cells are laked and hemoglobin appears free in 
solution. The relation of these hemolysins to other naturally occurring 
hemolysins such as saponins, the hemolysins present in snake venoms and 
the like, is uncertain.^^ xhe bacterial hemolysins appear to be protein in 
nature, are inactivated by heating (55° C. for thirty minutes), and are anti- 
genic, i.e., when injected into animals they stimulate the formation of 
an tihemoly sins. 

10 Bail: Arch. Hyg., 1905, 52:272. 

11 Rosenow: Jour. Inf. Dis., 1907, 4:285. 

12 For a general discussion of hemolysis see the exhaustive monograph of Ponder: 
The Marnmalial Red Cell and the Properties of Hemolytic Systems, Protoplasma Mono- 
graph, No. 6, 1934. 
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That hemolytic activity is a property of a group of sui)stum‘<^s of hm- 
terial origin rather than of a single substance formed by a iminlxa' of ba<^- 
terial species is indicated not only by differences iii iitnniniologitud spcHd- 
ficity but also by the varied properties of the activity. Many hemolysins, 
for example, are oxygen-stable, but some, produced by llu* pruantKHKXHuis 
and certain strains of streptococci, are oxygen-scnsi(iv(\ /.c., l.h(‘y arc^ 
active in the reduced form but inactive in the oxidized form, th(‘ oxidation- 
reduction being reversible at low temperatures.’’^ llcanolysins furdux* dilhu* 
from one another in their heat and acid resistaiuic and in (hc'; incubal ion 
time which precedes visible laking of the red c.ells. Diflcnnuuxs in (ludr 
activity on the erythrocytes of various species of high(‘r animals may \n^ 
marked; a given hemolysin, for instance, may lyse sheep (u^lls but not rai)bit. 



Fig. 23.— Hot-cold” hemolysis. Staphylococcus aureus on sheep blood agnr. Pro- 
duced by holding the plate alternately at incubator and refrigerator U'.rnfx^raturi^ Tlu^ 
small clear zones are produced in the incubator by the a lysin and th(^ larger zorH‘H in 
the refrigerator by the /3 lysin. 


cells. In general the cells of the animal species from which a bacUiriurn is 
isolated are more sensitive to its hemolysins than are t.he (JclLs of other 
ammal species. 

A single bacterial strain may form more than one hemolysin. Certain 
stons ot staphylococci form at least two hemolysins, one acting on both 
r^Pit aiid sheep cells and bringing about a rapid lysis at 37° C., and the 
other acting only on sheep cells which are lysed after holding at room iem- 
perature over night— a phenomenon which has been termed ‘liot-cold” 
lysis SimiWly, some strains of streptococci prPduce two hemolysins, one 
of which is relatively heat-stable but oxygen-sensitive and the other oxygen- 

The former is termed a lysin and the latter 0 
u of both can be shown in culture on sheep blood agar, the 

bafion complete clearing on twenty-four hours’ incu- 

is producing a zone of darkening which becomes 

U Path, and Bact., 1934, 39:299. 

Glenny and Stevens: Jour. Path, and Bact., 1935, 4^:201. 
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lijuht.cr and (^laar on Kia)s<i<iu(!nl, r<!frif>:oralion of Lhe plate.’= 
is illusf.ra(,c<i in Fi^. 23 . 


This phenomenon 


h<^ prodiiclion oi hemolysins is favored by inclusion of serum in the 
broth in whurh the rnKuoor^ranisms are cultured, and it is of some interest 
that th('. ai'tiyity oi (iic hiunolysin formed in such media is most marked 
oil th(^ I (Ki (uuls ol th(^ animal vspecies from which the serum was derived.^^ 
1 he hmnoly l i(*, aidivil.y of a cull.ure may be transitory, probably because of 
inactivation ol lornuHl liomolysin. Some hemolysins lose their activity 
wh(ui in<uiha(.<*d at 37° (^. (or two hours or more; for example, de Kruif and 
fi ('hind*^^ (ound a maximum hemolytic titer after eight hours’ incubation 
of str<^pto(‘.oc(^us (!ultur(\s whi<3i diK^Iined rapidly thereafter so that in many 
cases no acdivil.y <‘.oul(l bi'. dideided in filtrates of fourteen-hour cultures. 

Blood- Idle I femolys lif, -Tlie colonies of some bacterial species on blood 
agar prodiKu*. visilili^, clianges in the medium immediately surrounding the 
colony whic.h arii tin'med ‘‘hemolysis.” Two general types of change are 
obsiawinl, one designated as a or green hemolysis, in which the bacterial 
c.olony is surrounded by a ;^oni^ of greenish discoloration, and the other, 
^-hemolysis, in whi(3i th<^ zone around the colony is clear and uncolored, 
in (;ons(,rast wilfi thi^ red opacity of the medium. According to Brown^^ 
the zoiu^ of discioloration of a-hornolysis is surrounded by a very narrow 
clear zone, but (his is not appariuit except upon careful examination. Mi- 
(5ros(‘.()pi('. examination of the green zone shows the presence of many 
disty)I()rcd (5orpus(*3(iS, but in, 0-hemoly tic zones corpuscles cannot be found. 

The relation betweiiu blood-plate hemolysis and the filterable hemolysins 
is usually regarded as uncertain, for, although microorganisms hemolytic 
on blood plates frecpicntly do not appear to produce filterable hemolysin, 
some workers maintain that, since filterable hemolysins are difEcult to 
demonstrate, failure to find them is not significant. It would appear that 
the procjcsses involved are different; in the case of the filterable hemolysins 
the permeability of the red cell is altered and the hemoglobin escapes into 
the surrounding fluid, while in blood-plate hemolysis the pigment is broken 
down to green or colorless compounds. In the case of the cholera vibrio 
the two procxisscs have been sharply differentiated,^^ since the identification 
of this organism is dependent in part on the hemolysis of goat erythrocytes 
in suspension (Grieg test) ; though the true cholera vibrio is negative to 
this tost, some strains show hemolysis on blood agar plates, van Loghem 
has distinguished between the hemolysis of goat erythrocyte suspensions 
and what he has termed hemodigestion on blood agar. Green hemolysis 
was formerly thought to be due to the formation of methemoglobin and 
associated with the formation of hydrogen peroxide, but recent work^® has 
indicated that the green substance is an iron-containing derivative of 
hemoglobin very possibly formed by reduction. The mechanism of jS- 
hemolysis is not well known, but in the case of staphylococcal hemolysins, 


Christie and Graydon: Australian Jour. Exp. Biol. & Med. Sci., 1941, i9:9. 
de Kruif and Ireland: Jour. Inf. Dis., 1920, 2^:285. 

Brown: Rockefeller Institute for Medical Research, Monograph No. 9, 1919. 
Especially by van Loghem: see Centralbl. f. Bakt., I Abt. Orig., 1926, i 00:19. 
Cf. Anderson and Hart: Jour. Path, and Bact,, 1934, 39:4^65. 
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the hemoglobin is not destroyed; according to Christie and Gray<lon’^ the 
clearing around the colony is due to migration of the liberated hemoglobin. 

As in the case of the filterable hemolysins, hemolysis on Idood agjir is 
frequently species specific; a higher proportion of bacterial strains will show 
hemolysis on blood from one animal species and not on that ol* another. 
Brown’ ^ found, for example, that of 

83 strains of streptococci isolated from tuberculous sputum 
5 were hemolytic on rabbit blood agar and 
60 were hemolytic on human blood agar, and of these 
53 were hemolytic on horse blood agar, 

47 were hemolytic on sheep blood agar and 
4 were hemolytic on rabbit blood agar; 

5, the ones hemolytic on rabbit blood agar, showed filterable hemolysin. 

The relation of ability to form hemolysin and virulciu^e is obscurer Al- 
though among some of the parasitic bacteria such as &l4’epto(',<)cci and 
staphylococci, virulence is associated with hemolytic activity, a nuinlxu* 
of saprophytic bacteria also produce hemolysins. On the other hand, it 
has been reported that in staphylococcus infections of the udder, the hemo- 
lytic strains are much more irritating than the non-hemolytic organ isrns,*-^^’ 
It might be expected that infection with actively hemolytic bacteria would 
be accompanied by anemia and hemoglobinuria but this is uot llu.) (UiS(% 
as a rule; infections with Clostridium welchii, however, are frequenUy c*har- 
acterized by a gross blood destruction and consequent severe anemia and 
jaundice which is due to the continuous release of the hemolytic a-toxin 
(p. 428). 

Leucocidins. — A number of bacteria, notably sfcapliylococci, strepto- 
cocci and pneumococci, form leucocidins, substances which kill and, in 
some cases, lyse, polymorphonuclear leucocytes. The death of llie leuK'o- 
cytes results in the inability of these cells to reduce methylene blue, a 
phenomenon made use of by Neisser and Weehsberg^’ and others to demon- 
strate the activity of these substances. Recently a dii’ect microscopic 
method has been introduced^^ whinh has shed some light on the elfo( 5 t of 
these substances on the white blood cell. Human and rabbit leucocyl-es in 
contact with leucocidin become spherical; the nuclei fragment and the 
cells may, with some leucocidins, eventually burst or, with others, remain 
intact. 

The amount of leucocidin produced by one bacterial species may vary 
widely from one strain to another, and a single strain may produce more 
than one leucocidin. The detection of more than one leucocidin is depend- 
ent upon differences in thermostability and in the kinds of leucocytes 
attacked; one staphylococcal leucocidin, for example, affects both rabbit 
and human leucocytes, while another is active only on rabbit cells. In 

2° Plastridge, Anderson, Williams and Wierether: Stores Exp. Sta. Bull. No. 231, 1939. 

21 Neisser and Weclisberg: Ztschr. Hyg. u. Infektionskr., 1901, 56:299. 

^ V^l^ntine; Lancet, 1936, i:526. It should be pointed out that it is claimed by some 
workers that the leucocidin tested by one method is not the same as that tested by the 
other. 
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Coagiilase and Fibrinolysin 

^reneral Icucocidiiis closely resemble the filterable hemolysins in that 
they ar(^ anti^(mi(‘,, variable in their heat resistance, etc., and, in some 
cas(\s, may be identical with hemolysins. The a-hemolysin of staphylo 
co(;cus, for example, is a leucoeidin.^^ They may not he strain specific" 
some o( the staphy lo<‘,oc(‘.al leucocidins, for example, are immunologicallv 
similar il not identical regardless of the bacterial strain from which thev 
are d(n*ived.‘‘^'^ ^ 

part played by (iic leucocidiiiLS in the virulence of a bacterium is 
obs(uire. llicoretically, it should be of some advantage to an invading 
micu’oorganism to lx; able to destroy these phagocytic cells and thereby 
break down, to some degree, the defenses of the body. The pnlymorpho- 
nucl<;ar huKUKjytes (het(;r<)phils) are not, however, the most important cells 
in the f)hag<>(;y tic destruction of bacteria (p. 291), and the effect of these 
substances on the other phagocytic cells, the mononuclears, the histiocytes 
and oth(;rs is not known. As in the case of the hemolysins, the leucocidins 
of ba(;terial origin must be differeuliated from the immune leucocidins 
those; produ(;ed l)y tlu; animal body in response to the injection of leucocytes 
from another speeucs. 

Ck>agiilaae anxl Fibrinolysin. — The formation of blood clots is accel- 
crat(;d by a sul)^stance, coagulase, formed by some bacteria, and the clots 
form(;(l, eith(;r with or without the acceleration of this substance, may be 
dissol v(;d by other subs(,aii(;es of bacterial origin, the fibrin oly sins. The pro- 
(lucjtion of (joagulase is, so far as present information is concerned, confined 
to (in; sl,aphylo(;o(;c;i for the most part, and may be causally related to the 
thrombi liial< are common in infections with these organisms. Occasional 
strains of <)th<;r organisms such as Pseudomonas pyocyaneus. Bacterium 
prodigiosarn, Baderium coli and Bacillus suhlilis have, however, been ob- 
scrv(;d to accxdcratc the clotting of blood. Coagulase activity is demon- 
strat<;d by the addition of bacteria to citrated or oxalated blood plasma 
(usually rabbit), whi(;h gels within three hours. The nature of the mechan- 
i^srn of this (jlolling aedion is uncertain; some aspects of its activity, f.g, 
tin; (dotting of fibrinogen solutions, suggest the action of thrombin, but 
coagulase is not inhihiled by “anti thrombin” such as heparin or hirudin. 
The; aedivity is not filterable and is relatively thermostable; it is only par- 
tially destroycKl by (;xposure to 100® G. for thirty minutes. Other properties 
su<;h as pr(;(;ipita(ion with alcohol and acid and ammonium sulfate suggest 
a prot(;in nature. Its antigenicity is uncertain. The relationship of coagu- 
las(; to virulence is obscure, although it is often said that there is no asso- 
(dal.ion bcd.wc<;ti the two. It would seem that the property of accelerating 
tin; (dotting of blood might, on the one hand, be unfavorable to further 
invasion of the host tissues by a microorganism forming this substance,^^ 
and, on tin; other, serve as a temporary protection against the defenses of 
the host. 

28 Wriglxt: Lancet, 1936, i;1002. 

2*^ For a general study of these substances see Todd: Brit. Jour. Exp. Path., 1942 23' 
136. 

For a sumuiary of inforrrudion regarding coagulase see the review by Blair: Bact 
Rev., 1939, 
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Fihrinolysin }^ — Perhaps more important to the virulence of a bact erium 
is the ability to dissolve formed blood clots throujjjh the a^i^eucy of librin- 
olysin. It has been observed that if a small amount of bacterial culture is 
mixed with oxalated plasma and the latter allowed to (^lol. by the addition 
of calcium chloride, the fibrin clot may be dissolved within a short, time as 
a result of bacterial activity. At present it appears that tlu^ ability t.o briiif? 
about this lysis is confined to certain groups of strep tococia, alt, hough other 
bacteria such as staphylococci, the plague bacillus and others hav(^ becni 
described as fibrinolytic. Like the hemolysins, the fibrinolysins appcuir to 
exhibit some degree of specificity with respect to the sourc^e of tln^ fibrin; 
streptococci isolated from human infections, for example, will lyse <*,lot,l (h 1 
human plasma more rapidly than plasma clots from other animals. Fibrin- 
olysin appears to fall into the same general category as tin; toxins, Juunol- 
ysins and the like in that it is found in culture fluid freed from ba(^t,en ial 
cells, appears to be protein in nature, and is antigenic^. Fibrinolysin is, 
however, distinct from these other substances; although a high correlation 
has been observed between the occurrence of filterable hemolysin and 
fibrinolysin, in many cases a bacterial strain is able to bring about the 
dissolution of erythrocytes but not solution of clots, and vice verm* Tlu' 
nature of the lytic process is not well understood, but it s(5ems (established 
that it is not an enzymatic hydrolysis. Fibrinolysin will dissolve plasma 
clots within a relatively short time, fifteen minutes to four hours, whih^ 
dissolution resulting from proteolysis requires at least twenty-four hours 
and usually longer. Furthermore, in many cases a(‘,tively pro(.(‘oly(i(‘ 
streptococci are not fibrinolytic. 

It should be noted here that a number of bacteria exhibit a ttniden(‘y lo 
inhibit the. clotting of plasma, a property that may be dcmonslral.c^d by 
delaying the addition of calcium to the oxalated plasma; when eaUruim is 
added after a period of preliminary incubation, the clot fails to form. This 
property has been most often demonstrated with cultures in dextrose^ 
broth, and in some cases, at least, the failure of the plasma to dot is a 
result of the presence of lactic and other acids formed in the fermeiitatiom 

Fibrinolysin appears to be closely associated with virulence ami par- 
ticularly with the ability to invade the body tissues. Since om^ of the first 
reactions of the body to tissue destruction is the formation of blood (dots 
which tend to wall off and isolate the infected region, it is not surprising 
that a bacterium capable of lysing these clots should show marktid temfim- 
cies to extensive tissue invasion. The streptococci are among the most 
invasive of the pathogenic forms, and this phase of their viruletice may be: 
attributed in part to the formation of fibrinolysin. 

Spreading Factor. ^7 — It has been found in recent years that the per- 
meability of the tissues is remarkedly increased by a factor, often called the 
Duran-Reynals factor after its discoverer, present in certain mammalian 
tissues, notably the testes. Bacteria, vaccinia virus, and substances such 
as toxins, india ink and the like, diffuse rapidly from the site of inoculation 
when injected in conjunction with extracts containing this factor. Strains 

See the review by TiUett: Bact. Rev., 1938, 2.-161 

Cf. the review by Duran-Reynals: Bact. Rev., 1942, 6:197. 



Capsules 183 

of staphylococci and streptococci that have no pronounced invasive powers 
may, in this way, be rendered highly invasive. This factor is also present 
in a number of bacteria notable for their invasive properties, such as certain 
strains of staphylococci and streptococci, pneumococci and certain of the 
obligate anaerobes such as the bacillus of gas gangrene. Among some of 
these organisms there is a marked association between content of the 
Duran-Reynals factor and virulence; the non-invasive strains of staphyl- 
ococci noted above contain little or none of this factor but become invasive 
when it is supplied, while the invasive strains produce the factor themselves. 

It has been found^^ that there is a close relationship between the enzyme 
hyaluronidase and spreading factor and it seems probable that they are 
identical. The substrate of hyaluronidase is hyaluronic acid, a mucopoly- 
saccharide consisting of acetyl glucosamine and glucuronic acid,^® which 
acts as a cement substance of the tissues and is found in synovial fluid and 
elsewhere in the body. The action of the enzyme in decreasing the vis- 
cosity of hyaluronic acid by hydrolysis is responsible for facilitating the 
penetration of the tissues by bacteria that produce it. It is of some interest 
that hyaluronic acid is also found^® in the capsular substance of some 
strains of streptococci. Such strains do not produce hyaluronidase and in 
its presence are denuded of capsules and more readily phagocytosed (see 
below). The ability of such strains to invade the tissues does not, of course, 
depend upon their elaboration of hyaluronidase. The activity appears to 
be antigenic, in that it is neutralized by antisera, but immunologically 
distinct from different sources; it has been suggested that the enzyme is 
combined with different proteins in different organisms. 

Capsules. — The remarkable association between the presence of a cap- 
sule on a pathogenic bacterium and its virulence has been discussed else- 
where (Chapter 6). The capsular material, generally polysacch^ide in 
nature although nitrogen and amino acids may be present, is not in itself 
toxic and cannot be regarded as analogous to toxins, hemolysins and similar 
substances. Rather the capsule appears to function as a defensive mechan- 
ism of the bacterium against the phagocytic activity of the leucocytes. 
Encapsulated bacteria may be ingested by a white blood cell but, instead 
of being killed and digested, remain within the phagocyte for a time and 
then may be extruded in a viable condition. The ability of an encapsulated 
bacterium to resist phagocytic destruction may, in fact, result in a wider 
distribution of the microorganism than it might otherwise attain, through 
transport within the phagocytic cell. It is of some interest in this connection 
that non-encapsulated, avirulent pneumococci are highly virulent for 
rabbits deprived of their leucocytes.^^ xt is perhaps suggestive that the 
polypeptide material making up the capsule of the anthrax bacillus con- 
tains d (-) glutamic acid®® (p. 502). Since proteolytic enzymes attack onl^ 

Hobby, Dawson, Meyer and Cbaffee: Jour. Exp. Med., 1941, 73:109. 

Meyer and Palmer: Jour. Biol. Cbem., 1943, i07 :629. 

Seastone: Jour. Exp. Med., 1943, 77:21. 

31 Cf. McClean: Jour. Path. Bact., 1941, 5J:13. 

32 Rich and McKee: Bull. Johns Hopkins Hosp., 1939, 64:434. 

33 Bruckner and Ivanovics: Ztschr. f. physiol. Chem., 1937, 247:281; Ztschr. m- 
munitats., 1937, 96:304; ihid., 1937, 94:175; Naturwissenschaften, 1937, 25:250. 
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polypeptides built up from amino acids of the /-series, possibly an (uicap- 
sulated anthrax bacillus would be highly resislant to Ihe digeslivo <uizym(>s 
of a phagocytic cell. 

Whether the association of virulence and capsule hunuition may 
entirely accounted for on the basis of bacl.erial d.ereiis(j agaiiust phagot'.y lit', 
destruction is not entirely certain, but such defense und()ul)t(Hny plays an 
important part. The presence of antibodies to the capsular subsUnuu^ 
breaks down this bacterial resistance, and immunization t.o t,h(^ (uipsular 
material of the pneumococcus, for example, produces just as high a degnu^ 
of immunity to pneumococcus infection as immunization to the entin^ 
bacterium. 

Miscellaneous Factors. — In addition to these more or less well deliiunl 
and better known factors, a number of bacteria have been reported to pro- 
duce substances which may be associated with virulenc'-e. KSiudi, for exampl<‘, 
are the necrotizing factor, or necrotoxin, produced, by som<^. staphylcx^x^ei, 
which kills tissue cells; a hypothermic factor producuxl by Shiga dys(uit(‘ry 
bacilli, which lowers body temperature; an edcuna-prodiaung substanc(i 
formed by pneumococci ; substances associated with the endotoxins of some 
of the enteric bacteria which affect the blood sugar lcv(^ls of animals, and 
so on. Unfortunately, the discontinuous character of present information 
does not support any satisfactory generalization regarding bac-ttu'ial viru- 
lence, but it seems clear that a pathogenic bacterium may liav(‘, at. its dis- 
posal a series of mechanisms, in combination peculiar t.o itself, whi('.h make 
possible a successful invasion of the tissues of tlie host. 

In this connection it should be noted that bact,(vrial virulence may lie 
apparently enhanced by certain substances not of bact.(irial origin, '‘llie 
presence of silica in the lungs, for example, predisp()s(is ma(,(irially t.o pul- 
monary tuberculosis; the injection of calcium salts with t etanus bacilli aids, 
in some unknown manner, in the establishing of a nidus of infection, ^fbe 
suspension of bacteria, such as meningococci or typhoid bacilli, in solut ions 
of gastric mucin markedly enhances their viruleru'.c, or, more prtx’.istjy, 
interferes with the defense mechanisms of the host: It has b(‘.en found that 
in the case of the meningococcus the mucin interferes with t.he bact.(*ri<‘,idal 
action of the body fluids and, when mixed with peritoneal fluid, provi<l<\s 
a medium for its growth.®^ 

Relative Pathogenicity of Bacteria. — From tlie for egoing considera- 
tions it will be clear that the virulence of a bacterium is an cxprxjssion of 
the efficacy of the aggregate of offensive mechanisms that it may posse^ss. 
It is to be expected, then, that the bacteria constitute a continuous series 
of types ranging from those which are unable to infect higher organisms, 
such as the autotrophic forms, to those which produce a fulminating, 
widely disseminated and often fatal infection. The harmless sapropliytc, 
Bacillus subtilis, for example, has been found to cause, on occasion, an eye 
infection in human beings. (See also p. 510.) Somewhat more patbogcnic 
is Clostridium hotulinum, an organism which is also a saprophyte but which 
produces a highly potent soluble toxin. The bacterium is itself unable to 
infect the animal body; the toxin is formed outside the body and gives rise 
MacLeod : Amer. Jour. Hyg., 1941, Sec. B, 54:51. 
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to disease only when ingested in a preformed state. Clostridium tetani is one 
step higher in the scale of pathogenicity; this microorganism resembles 
the botulinus bacillus in that it is essentially a saprophytic form that pro- 
duces a soluble toxin. In this case, however, the bacterium is able to estab- 
lish a nidus of infection in the tissues, albeit in a strictly localized area, and 
produce the toxin whose absorption gives rise to the symptoms of the 
disease. The diphtheria bacillus likewise generally produces only a local 
infection from which its toxin diffuses into the animal body but, unlike the 
tetanus bacillus, does not lead a saprophytic existence in nature but must 
maintain a close association with its host. The highly invasive bacteria, 
such as certain strains of streptococci and staphylococci, are, however, dis- 
seminated rapidly throughout the body, presumably because of their 
armament of librinolysins, spreading factor and the like. 

A. variety of types of infection may, therefore, be distinguished. A bac- 
terium having but small ability to spread through the tissues produces a 
localized ov focal infection. Such, for example, are the abscesses at the roots 
of the teeth, the infection of the heart valves in bacterial endocarditis, etc, 
A local infection is not necessarily of small consequence; not only may the 
local tissue destruction be highly significant to the host, as in pulmonary 
tuberculosis, but, when the microorganism produces a soluble toxin, a 
poisoning or toxemia results, as in diphtheria or tetanus. 

Many pathogenic bacteria exhibit a tendency to localize in one tissue in 
preference to another, sometimes termed elective localization; the menin- 
gococcus, for example, most frequently localizes in the central nervous 
system, as do the so-called “neurolropic” viruses, and some of the strep- 
tococci show similar preferences for the joints. In some cases the tendency 
to localize is so marked that a pathogenic bacterium is infectious by one 
route but not by another; microorganisms such as streptococci, pneumo- 
cocci, the tetanus bacillus and others are relatively harmless when swal- 
lowed but regularly produce infection when injected into the tissues of a 
susceptible animal. Others, such as the organisms causing typhoid fever, 
cholera, the dysenteries and other enteric infections, are harmless when 
rubbed into the abraded skin but promptly produce disease when swal- 
lowed by man.^^ 

Bacteria present in a primary focal infection may spread by metastasis 
to set up multiple secondary foci, a condition known as pyemia. Other 
bacteria may multiply in the blood stream, a condition known as bacteremia 
or septicemia; the invading bacteria may become widely disseminated 
through the capillaries of the tissues with the production of a fulminating, 
generalized infection. 

Infection is, however, in part a function of the defensive mechanisms 
of the host, and in some cases a bacterium capable of furthe'* spread is held 
in check by these defenses and sets up a latent infection which may flare up 
when resistance is reduced. Such an inconclusive outcome may result in 
the carrier state, a condition in which a virulent bacterium, fully capable 

35 Bacterial localization is discussed atf greater length by Rosenow in Newer Knowledge 
of Bacteriology and Immunology (Jordan and Falk, University of Chicago Press, Chicago, 
1928), p. 576 
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of producing disease, is harbored by a healthy and unaffected host. In this 
latter instance, however, the resistance of the host is not infrequently 
specific and a consequence of previous immunization. 

Mixed and Secondary Infections- — It has long been known that an 
individual might be attacked by two or more infective agents at one tinu^ 
Diphtheria and scarlet fever, syphilis and gonorrhea, pneumoc'xxams i)n(ni- 
monia and typhoid fever, are combinations by no means unknown. It is 
possible that in some cases the different infections may originalt^ nearly 
simultaneously, but such an occurrence is probably not common. Usually 
one infection precedes another, and the second is very frequent ly a inort‘ or 
Less direct outcome of the first. Infection with certain microorganisms pr<'- 
disposes to secondary infection with the pneumococcus; acute tulxTcailosis 
may develop during an attack of measles; streptocoexius invasion of t\m 
lung tissues is not uncommon in pulmonary tuberculosis. The s(‘condary 
invader is commonly present in the host, but seems incupahle of initiating 
an infection until the host defenses are weakened by the primary diseases 
Certain microorganisms that can cause primary infection arc also frequently 
found as secondary invaders ; pneumococci and strep tococjci are prexuninent 
in this respect, and show a remarkable capacity for invading tiui body in 
the wake of other microorganisms. 

Mixed infections of a somewhat different sort are those in whicli th(^ prin- 
cipal pathogenic organism is accompanied by auxiliary bacU.eria, or, avS 
some French bacteriologists have called them, accomplice.^, which by th(‘ir 
presence influence the virulence of the chief infectious agent wit hout tluun- 
selves taking any very active part in the infectious process. Suc^h (xxqxH'- 
ation is, of course, an instance of bacterial synergism whic^h has Ixaui dis- 
cussed previously. The aerobic bacilli which usually enter a wound along 
with tetanus bacilli probably facilitate the growth of the latter by pro- 
viding anaerobic conditions. In other cases of mixed infections the invading 
bacteria may not influence one another directly but only indirecit^ly in a 
joint breakdown of the defenses of the host; such is presumably the c;as(^ 
in mixed infections of diphtheria bacilli and streptococci, and there ivS 
reason to believe that such a mixed infection is more severe than an infix ‘,- 
tion with diphtheria bacilli alone — possibly spreading factor formed by 
the streptococci increases the permeability of the tissues to the toxin forrmxi 
by the diphtheria bacilli. 


RESISTANCE 

It is already apparent from the foregoing considerations of bacterial 
virulence that, although the ability of a microorganism to produce disease 
is conditioned by a series of mechanisms originating with the bacterium, 
pathogenicity must be evaluated in terms of the resistance of the host. As 
a rule, a pathogenic bacterium is limited to a small number of hosts; 
bacteria pathogenic for animals are not ordinarily pathogenic for plants; 
very few of the bacteria that can infect mammals are also pathogenic for 
cold-blooded animals; some are even restricted to the tissues of a single 
species. Resistance, like virulence, is made up of many factors, some of 
which are known either in more or less specific form or in the terms of 
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generalities that serve as a cloak for ignorance; others are, in all proba- 
bility, as yet unsuspected. Resistance to infection is, in a sense, somewhat 
more complex than virulence for, as will appear, not only are there specific 
barriers to infection variable with respect to species and even from one 
tissue to another in the body of a single animal, but the efficiency of these 
barriers is also a manifestation of general physiological well-being and hence 
they are subject to extrinsic or environmental influences. 

The differentiation of resistance from natural immunity (p. 295) cannot 
be made with precision, for the two merge with one another and with 
acquired immunity without sharp lines of demarcation. In a general way 
they rnay be separated on the basis of specificity, resistance being non- 
specific with respect to the invading microorganism while immunity is 
sharply specific for a given parasite. The non-specific cellular response 
(p. 29 1 ) is intermediate between the two since the specific cellular immunity 
of th(i immunized animal is qualitatively the same, differing 'only in that 
it is markedly a(‘,centuated- 

\s in the case of virulence, the better known components of resistance 
are l:)(ist considered one by one. 

Species, Racial and Inherited Resistance. — Species of higher organ- 
isms difhir* greatly from one another in their resistance to any given dis- 
eas(^ a fact that lias been suggested earlier in connection with the experi- 
mental reproduction of disease. In many cases resistance to infection is 
rclal.ive, for disease may sometimes be produced by the administration of 
massivii doses of bacteria to a resistant animal, but in others it appears 
to he absolute. IVlan is, for example, apparently completely immune to 
cattle plague, arid many of the lower animals are equally resistant to some 
discnises of man. In general the factors underlying differences in species 
resistaricii arc unknown, hut in a few cases body temperature or differences 
in anatomical stru(‘,ture have been found to account for the observed vari- 
alton. Ihis tour’s classic experiment in which he rendered the naturally 
resistant hen sus(‘,cptible to anthrax by chilling it in cold water, and the 
converses of this cxfieriment, the production of anthrax in the resistant frog 
by raising its body (.(’iirqx'.raturc to 25° to 35° G., may be explained in terms 
of unfavorable body temperatures. Similarly, cold-blooded animals are 
not sus(XH)til)l(^ to human tuberculosis and warm-blooded animals are not 
infecdod by the tubercle bacilli of cold-blooded animals. The insuscep- 
tibility of experimental animals such as guinea pigs and rabbits to the 
enterotoxin prodiuied by some bacteria is possibly attributable to their 
lack of a vomiting mechanism. As indicated earlier, resistance to a given 
infccJtious agent is not necessarily associated with phylogenetic relation- 
ships, and there is no pattern from which the resistance or susceptibility 
of an animal can be predicted by logical processes ; the tabulation of animals 
susceptible to a given disease represents information acquired largely by 
trial and error. 

Domestic and Experimental Animals , — Not only do species of higher 
organisms differ in their resistance to infectious disease hut the races com- 
prising a susceptible species likewise appear to differ among themselves. 
There are many instances of differences in resistance to infectious disease 
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in varieties or strains of animals. The relative resistance of Algerian sheep 
to anthrax is well known and inbred Berkshire swine have been found to 
be highly resistant to brucellosis.^e That this is a true racial immunity 
which is, as might be expected, inheritable, has been deraonstrafed by 
extensive experimental investigations with laboratory animals, the eai'Iier 
studies of Wright and Lewis^^ showed that marked differences in susc*-epti- 
bility to tuberculosis existed between inbred families of guinea pigs, dif- 
ferences which were transmitted to the offspring. Later work, sumxnarized 
by Webster,38 HilP^ and Greenwood el aZ.,^° has been confined, for tin? most 
part, to studies on the susceptibility of mice to infection with Salnionella 
typhi-murium and similar bacteria ; it has shown that resistance to such infec-- 
tionsmay be raised or lowered by selective breeding, sometimes to a remark- 
able degree. Similarly, strains of mice differ in their susceptibility to murine 
typhus, and Lurie^^ j^^ed strains of rabbits resistant and suscu^ptible 
to infection with tubercle bacilli. It is of interest that resistaiKUi to bao 
terial endotoxin may also be raised or lowered by selective breeding.'^'^ 
Resistance does not behave as a simple Mendelian character but is to sonui 
extent specific in that a race having increased resistance to infe(‘,ti<)U with 
one microorganism is not necessarily unusually resistant to another. 

Considerable interest has. attached to the mechanisms underlying in- 
herited resistance and susceptibility, and in recent years suggestive r<\sults 
have been reported by a number of workers. Thus, in Lurie’s'*''^ studies 
resistance was associated with low skin permeability as assayed l)y in I ra- 
dermal inoculation of india ink, increased rate and intensity of ardJbody 
(agglutinin) response, and the development of a high degree of hyper*s(uisi- 
tivity (see also p. 305). Gowen and Calhoun^^ have shown that in miccj 
there is a marked correlation between numbers of lcu(;ocytes and ix^sistance 
to mouse typhoid. Similarly, Severins, Roberts and Card^*'’ have found tiiat 
resistance and susceptibility of breeds of chickens to Salmonella pallorurn 
infection is associated with numbers of lymphocytes. 

Races of Man. — The relative resistance of races of man to irdec.tion has* 
been the subject of considerable interest and such investigation as has 
been possible. Under ordinary circumstances in this country the non-while 
races are much more susceptible to infectious disease than the white race. 
There are, however, certain exceptions. Thus, the influenza epidemic; of 
1918 appears to have had a greater impact upon the death rates for- white 
youths than upon that for the non-white population in the same agr; 
group.4® Similar exception may be noted in the case of Baltimore Negr*ocs 
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who 8how(Ml a lowor ratio of clinical diphtheria to immunizing infections 
than corresponding wiiilo children. 

Sp(H*ial intcr<^st has attached to the white and non- white tuberculosis 
death rat(‘,s, both (;rudc and age-specific (p. 587). Whether the observed 
high mortality in tlie non-white represents a racial susceptibility or is 
entirely a relloction of economn^ status has been the subiect of considerable 
discussion. Studievs on this question made in the Army (p. 588) would 
seem to itnlicate a true racial difference. 

'^^riiere also appcuir to be differences between the less well-defined “races” 
of man. is (wideiuic (bat the Irish are less resistant to tuberculosis 

than e.(u-tain otluir ehanents of the American population, such as the 
tlyalians.^^ On tln^ ollnn’ hand, the Jewish race is considered by many to be 
rehd.ively resistant to tubercadosis; in spite of a high incidence of infection, 
(.he inorlalil/y is V(iry low."^® To what degree the evidence supports the 
hypo(Ji(‘sis that of man differ in their susceptibility to this and 

oliuu' disiiases, such as pneumorfia, is problematical, for adequate control 
of the (invironmenlal faidors is diflicailt if not impossible. However this may 
be, twin studies ori tuberc ulosis indicate the operation of genetic factors in 
the r<^sistan(^e of man to tfiis disease,®^ and the question is rather one of 
the ocuuirrencc^ of pracd-ically significant genetic segregation. 

A giviiu dis(',as(% however, may be relatively mild in its effect on races of 
man wtiiidi havc^ Ixhui in (contact with it over a long period of time, hut 
assume a highly virulent form in other races to which it is new. Measles, 
for <ixampl(% a mild diseases lo civilized man, has been a scourge to certain 
primil.ivci ra(u^,s. In other cases, diseases originally highly virulent have 
b(X‘,om(^ apparcxitly hivss so with the passage of time; leprosy is not as wide- 
sprcuid as it was in biblicuil times, and syphilis is a considerably milder 
disivds(5 today tlian it was in the sixteenth century. Phenomena such as 
tlu^sci hiAV(‘, Ixxiu taken by some to indicate the development of a racial 
irnrmiriily through a sclecitiou of more resistant individuals, and by others 
to suggest an adaptation of the microorganism accompanied by a loss of 
viruhuuui. At thi^ pri’ssent time, it is not possible to differentiate sharply 
between these two; possibly both effects are operative. 

ft should be pointed out in this connection that what might be called a 
pseudo-racial immunity may be manifested by a race in close association 
with a given infective agcn(;. Many individuals have the disease, the sur- 
vivors ar-c immune, and this immunity is passively transferred to the off- 
spring (sec p. 800), who are infected before this passive immunity entirely 
disappciars and consequcnldy have the disease in a mild form but become 
solidly immune. The immunity is passively transferred to the third gener- 
ation, and the process continues ad infinitum as long as the race is in contact 
wi th the disease. Some such mechanism as this appears to account for the 

Frost: Jour. Prev. Med., 1928, 2:325. 

(iuilfoy: Quart. Publ. Amer. Stat. Assn., 1907, f0:515; Dublin: Amer. Econ. Rev., 
1916, vol. 6, no. 3; Dublin and Baker: Quart. Publ. Amer. Stat. Assn., 1920. 

For example, see Drolet: Amer. Rev. Tuberc., 1924, i0:2S0. 

In a numl)er of these studies racial stocks were determined for first generation im- 
migrants on the basis of parental birth place. 
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apparent racial immunity of the West African Negro to yellow lever; the 
immunity of adults arises as a result of mild infection in childhood. 

— Xhe effect of the age of an animal on its resistance to infectious 
disease is variable, being clearly apparent in some instances and indis- 
tinguishable in others. In many cases there is a direct relation between age 
and resistance, the young being more susceptible than the older individuals. 
The suitability of the developing chick embryo as a menstruum for th(^ 
cultivation of certain filterable viruses to which the chicken is apparently 
completely insusceptible, and the results of the experiments of Woolpert 
and his colleagues®^ on the infection of the guinea pig fetus, may be r<v 
garded as examples of an exaggerated susceptibility of the immature organ- 
ism. The marked susceptibility of the guinea pig fetus to tuberculosis drops 
off after birth, and young, mature and old animals have been found®'^ to 
be progressively more resistant to this infection. Similar results have been 
observed with other infections such as equine encephalomyelitis in rnicjc,®*^ 
St, Louis encephalitis in mice,®® and in the resistance of the rat to diphtlu^ria 
bacilli and diphtheria toxin.®® 

It is well known that the very young child does not respond well to active 
immunization; Sauer,®^ for example, has reported poor results in actives 
immunization against whooping cough, and antidiphtheria immunization 
of the newborn is not successful. This inadequate immune response is 
undoubtedly at least partially responsible for infection of the very young 
with bacteria ordinarily regarded as harmless saprophytes. Cass,®^ for ex- 
ample, has reported epidemic infection of the newborn (in a maternity 
ward) with Bacterium aerogenes which took a septicemic form, and th(^ 
Bacterium coli infection of foals known as scours is well known. Comple- 
ment deficiency in the newborn®^ and less active phagocytosis by Kxipirer 
cells®® are possibly associated with this failure to respond to antigenic^ 
stimuli and bacterial invasion. 

The rise in resistance coincident with the development of an animal to 
maturity has been interpreted by some workers as indicative of a “matura- 
tion immunity” in which the ability to withstand infection is associated 
with the ductless gland secretions.®^ Experimental studies in which pre- 
cocity has been induced by the injection of androgens have, however, been 
disappointing, and maturation immunity must be regarded as a hypothevsis 
which is suggested by certain clinical results but for which there is no sound 
experimental proof. 

52 Of. Woolpert: Amer. Jour. Path., 1936, i2:141; Woolpert el al.: .Tour. Exp, IMcxl., 
1938, 68:313] Gallagher and Woolpert; Jour. Exp. Med., 1940, 72:99; Dettwiler, Hudson 
and Woolpert: Jour. Exp, Med., 1940, 72:623. 

53 Smithburn: Amer. Rev. Tuberc., 1939, 59:383. 

5^ Morgan: Jour. Bact., 1940, 59:43. 

55 O’Leary, Smith and Reames: Jour. Exp. Med., 1942, 75:233. 

58 SeUgmann: Proc. Soc. Exp. Biol. Med., 1941, 47:241. 

57 Sauer: Amer. Jour. Path., 1941, i7:719. 

58 Gass: Lancet, 1941, i:346. 

5®Traub: Jour. Path. Bact., 1943, 55:447. 

5® Culbertson: Arch. Path., 1939, 27:212. 

51 Hahn in Kolle, Kraus and Uhlenhuth: Handbuch der pathogenen Mikroorganisrnen 
Jena. 1929. Vol. 1, p. 663. 
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The well-known increased susceptibility of the aged to certain of the 
infectious diseases is reflected not only in the incidence but also in the 
mortality of infections such as pneumonia. The quantitative (exponential) 
relation between the probability of death from a given disease and age was 
observed many years ago (1825) and is known as Gompertz’s law. The 
physiological alterations underlying senile debility and mortality are 
probably in the nature of an accumulation of degenerative changes.®^ 

In practice, the relation of age to resistance to infection is complicated 
by many factors. The human baby, for example, is relatively resistant to 
a number of infections for the first six months of life as a result of passive 
transfer of antibodies from the mother either via the placental circulation 

1 

1 


Fig. 24. — The age. incidence of certain infectious diseases. Note the predonoinance of 
the diseases of childhood in the early years, the increase in tuberculosis in the young adult 
years and the marked increase in lobar pneumonia with advancing age. Scarlet fever 
rate multiplied by a factor of 40, and diphtheria rate by a factor of 10 for comparative 
purposes. Data for 1940 from the reports of the Bureau of the Census. 

in utero or by means of colostrum after birth. Similarly, the increased 
resistance to a disease such as diphtheria which appears with physical 
development arises primarily as a result of inapparent infection rather than 
maturity alone. (The so-called natural antibodies are discussed on p. 296.) 

Sex. — A number of diseases exhibit a difference in sex incidence; pneu- 
monia and epidemic meningitis, for example, are more common in males 
than females, while scarlet fever, typhoid fever and others occur somewhat 
more frequently in females. Except for a few years in the forty-one-year 
period 1900-1940, the female death rate for white youths has been con- 
sistently lower than that for males, though the reverse has been true for 

Simms: Science, 1940, 9f:7. 
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the non-white population in this country. In the decade 1931“! 940 the 
gap between the female and male in the non-white population has been 
closed and in 1940 the female and male death rates for non-white youths 
were exactly the same at 5.0 per 1000. Corresponding rates for the white 
population were 1.4 for females and 2.0 for males. In the case of tuberem- 
losis, variability in the age-specific mortality rates indicates a dilferential 
response on the paid of the sexes (p. 587). A sex din’erential is also indi(ud,ed 
by the aftermath of the 1918 influenza epidemic, which appears to have had 
a more unfavorable effect upon female mortality than that of inah's in 
the 15 to 24 age group, as indicated by the relatively high female death 
rate for all racial groups for several years after the epidemic-. 

It has been suggested that this difference between the sexes might, result 
from resistance having some of the attributes of a sex-linked (‘-har-a(4.(U', or, 
since differences in sex incidence are most pronounced during and after 
puberty, something in the nature of maturation immunity may be in- 
volved. There is no sound evidence to support the first of thc'se hypothes(vs. 
Regarding the second a certain amount of experimental evid(^nce has Ixhui 
reported, the most precise relating to skin permeability, which has Ixuni 
found to be greater in female rabbits than in males.^*'^ Any explanat ion of 
the observed sex differences must, of course, take into considerat ion otlua* 
factors such as occupation, risk of exposure and the like. 

Climate and Season. — That both climate and llio season of t lu^ y(uu’ 
exert marked effects on the incidence and mortality of a numlxx* of inhxv 
tious diseases is well known. In tropical climates, for exampk^, tlu^ aoul,(i 
upper respiratory infections are not so common as in the t(im|)crat,(i (cli- 
mates, but the (iysenteries are more common in the tropiecs than in tlui 
temperate zones. The seasonal incidence of the infectious discascjs is also 
common knowledge; meningococcus meningitis occurs pr(idominantly in 
the winter and spring, poliomyelitis in the late summer and early fall, 
and so on. 

In a great many instances the influence of climate and season upon tluc 
incidence of disease may be attributed to opportunities for transmissioii 
of the causative organism, such as crowding in poorly ventilated rooms, 
seasonal or geographic occurrence of an insect vector and so on, l)ut in 
others the factors responsible for seasonal incidence arc unknown. In recent 
years specific evidence has begun to accumulate which substantiates the 
opinion that resistance varies with season, temperature and similar factors. 
For example, the intensity of the brain reaction of mice inoculated with 
St. Louis encephalitis virus and that of guinea pigs inoculated with endemic 
typhus virus has been found®^ to have been the greatest in summer and the 
least in the winter over a period of years; mice adapted to existence in a 
moist heat have been found only one quarter as resistant to infection with 
hemolytic streptococci as those adapted to a cool environment the mor- 
bidity and mortality rates in murine typhus infection in mice are affected 

63 Lurie and Zappasodi: Proc. Soc. Exp. Biol. Med., 1939, 42:741; ibid., Arch. Path., 
1942, 54:151. 

6^ Lillie. Dyer, Armstrong and Pasternack: Pub. Health Rep., 1937, 52:1805. 
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by environmental temperature;®® and the resistance of mice to pneumo- 
coccus infection is similarly affected.®^ It is not improbable that future 
investigation will yield systematic knowledge of the effect of climatic 
factors on susceptibility to disease.®^ 

General Physiological Well-Being. — ^Whatever resistance to disease 
an organism may possess by virtue of species, race and the like is pro- 
foundly influenced by its general physiological state. In general, resistance 
is at its height when the organism is functioning normally in every respect, 
and is reduced by a variety of factors which interfere with and alter the 
normal physiological state. In some cases previous infection may reduce 
resistance to such a point that infection with the less virulent bacteria 
may take place, as in the secondary infections ; in others, functional dis- 
orders such as diabetes mellitus bring about a reduction in resistance to 
infection. More common, however, are the deleterious effects of inadequate 
diet and fatigue. 

Natriliori . — The relation between susceptibility to infection and faulty 
nutrition has been of considerable interest since the discovery of the vita- 
mins and consequent study of the deficiency diseases, in some of which, 
such as xerophthalmia, infection plays a part. Attention has been directed 
particularly toward vitamins A (carotene) and C (ascorbic acid), and there 
is no doubt that a deficiency of the first of these substances results in a 
marked lowering of resistance. Diets qualitatively and quantitatively in- 
adequate, not only with respect to other vitamins but in other ways also, 
may likewise predispose to bacterial infection.®^ Recently Cannon has em- 
pliasiz(Kl the importance of adequate protein intake and he and his co- 
workers have shown*^® that depletion of the protein reserves of experimental 
animals by maintenance on low protein diets interferes markedly with 
antibody formation, l.e., the synthesis of immune globulin. Possibly the 
rediKXid functional activity of the blood phagocytes of animals fed protein- 
deficient dicts^^ is a related phenomenon. 

O tiler than this, just how malnutrition brings about a reduction in 
resistaiK^e is not known; present information indicates that the effect is a 
general one. It is of some interest that this unfavorable effect is not limited 
to the undernourished individual but may he transmitted to offspring. 
Experimental studies have shown, ^2 example, that the diet of mice, 
genel-ically homogeneous in resistance to an infection, affects the resistance 
of offspring to a greater degree than the diet of the offspring themselves. 
In this connection, statistical studies^® have suggested that the mortality 
ratCvS of adult human life are in part a function of nutritive and other 
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elements of the environment of childhood; in other words, the eficcjt may be 
a delayed one, but the evidence on this point is not altogether indubi table. 

The marked reductions in resistance associated with inadequate diets 
are in no sense specific; resistance to infection in general is redin^ed, and 
there is no relation between lack of a single dietary factor and suscepti- 
bility to a particulai’ infection. A number of attempts have been made to 
demonstrate such a relation; ascorbic acid, for instance, has some small 
capacity to neutralize diphtheria toxin, but vitamin C deficiency does not 
predispose to infection with the diphtheria bacillus any more than with 
other organisms, such as the tubercle bacillus. 

Since inadequate diet, and vitamin A deficiency in particular, redux'.cs 
resistance to infection, it has been supposed that resistance might b(i raistKl 
in hypervitaminosis. Experimental evidence, however, docs not support 
this supposition; the normal level of resistance maintained by the organism 
on an adequate diet cannot be appreciably raised by the administration of 
vitamin A in quantities in excess of that normally required. 

Fatigue . — It has long been known to the clinician that bodily rest is a 
valuable adjunct to the treatment of disease, and there is clini(^al evideiu'c 
which suggests that resistance to the initial infection may be reducuKl by 
excessive fatigue. Experimental evidence on this point is scanty and l.o 
some degree conflicting, but it is probable that the unfavorable eflec*,!, of 
fatigue on normal physiological well-being is reflected to some extern 1. in 
an increase in susceptibility to infection. The normal white ral,, for (ex- 
ample, is highly resistant to anthrax, but when exhausted by work in a 
treadmill becomes susceptible;’’® loitemt Salmonella enter itidis infections in 
the same experimental animal may be activated by fatigue to such a dc^grcHj 
that the outcome is fatal.’’® Similarly, studies on human beings have indi- 
cated that an individual may be rendered transiently susc^eptible to the 
common cold by fatigue.” 

Other mechanisms operative in the resistance associated with gen(n*al 
physiological well-being are obscure. The recent studies of Locke’^ have 
indicated that the capacity to maintain effective circulation and the ability 
to withstand the effects of sudden temperature changes are associatcid with 
resistance to experimental infection. The adverse effects of sudden chang(iB 
in temperature and humidity on the organism, reflected in changes in the 
nasal mucosa, are, perhaps, a manifestation of temperature shock. Attempts 
to associate such shock, vitamin deficiencies, fatigue and other elements 
of the non-specific resistance of health with specific defense mechanisms 
such as the capacity to form antibodies, have not been uniformly successful. 

The External Defenses of the Organism. — The cellular organization 
of the animal body is a closed system with respect to the outside environ- 
ment from which it is separated by the skin, mucous membranes and 
intestinal mucosa. These structures, generally impermeable to particHilat e 
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material of the size of bacteria, constitute the first line of defense against 
invading microorganisms and one that is, for the most part, highly effec- 
tive. While mechanical obstruction contributes in no small part to the 
efficacy of these barriers, both skin and mucous membranes also play an 
active part in the protection of the organism against bacterial invasion, 
as will appear. 

The Skin. — As a rule, the unbroken skin presents a more or less impas- 
sable barrier to microorganisms. Bacteria are found normally on the skin 
between the superficial horny cells, but ordinarily are not able to penetrate 
deep into the tissues unless favored by some cutaneous injury, such as a 
wound or burn. The ducts of the sweat glands and the hair follicles are, 
however, vulnerable points, and experiment has shown that it is possible 
for bacteria to penetrate the skin through these channels. 

The skin, however, is not an inert surface upon which bacteria may 
survive, but is, as experimental work of the last few years has shown, 
actively bactericidal. Arnold and his co-workers^® have found that bac- 
teria which do not occur normally on the skin, such as Bacterium prodig- 
iosum, the typhoid, colon and enteritidis bacilli, and hemolytic strep- 
tococci, are rapidly (in some cases within ten minutes) destroyed when 
swabbed on the clean skin of the palm of the hand. The autosterilizing 
capacity of the skin is markedly reduced by dirt and is apparently a prop- 
erty of live skin; the skin of a cadaver dead only fifteen minutes showed 
little or no bactericidal activity. Bacteria normally present upon the skin, 
such as the white staphylococci, are not appreciably reduced in numbers 
when swabbed on the clean skin, a fact which probably accounts for their 
constant presence on the body. 

The Conjunctivae. — Bacteria and dust particles settling in the eyes ai'e 
removed relatively rapidly by the mechanical flushing effect of the tears. 
The lacrimal secretions contain a substance, lysozyme, which is also present 
in certain tissue extracts and in egg white, which destroys some species of 
saprophytic bacteria. Fleming^® who discovered lysozyme, described one 
species of bacteria, Micrococcus lysodeikticus, which is particularly suscep- 
tible to the action of this lytic substance; as high a dilution as 1 : 40,000 of 
tears has brought about complete lysis of these microorganisms. None of 
the pathogenic forms, however, appears to be unusually susceptible to 
the action of lysozyme, and it probably plays no important part in the 
protection of the organism against invasion. 

The Nose, Nasopharynx and Respiratory Tract. — Bacteria and other par- 
ticulate material present in inspired air are rapidly removed by passage 
through the tor tuous nasal passages lined with^mucous membrane to whose 
moist surface they cling. In this way air is largely freed from bacteria in 
the upper respiratory passages, those that pass the larynx are caught in 
the bronchi and few reach the ultimate ramifications of the bronchioles. 

Cf. Arnold, Gustafson, Montgomery, Hull and Singer: Amer. Jour. Hyg-, 1930, 
ff:345. 
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The process is so efficient that expired air contains almost no bacteria 
except those that are expelled in droplets by sneezing, couglnng and 
talking. 

The moist film which covers the mucosa of the upper respiratory tiacl 
and in which bacteria removed from inspired air and those arriving via 
the lacrimal secretions are embedded consists of mucus, a thin, highly viscid 
substance that, in a sense, constitutes a continuous web or membrane 
overlying the surfaces within the nose, sinuses, pharynx and es<)f)hagus. 
This film of mucus is in constant motion as a result of the activity <>/ cilia 
which sweep the mucus and its bacterial content towaid the oropharynx, 
where it is swallowed. The exchange of mucus is rapid, that covering the 
posterior two thirds of the nose is replaced every ten or fifteen minul.c^s, 
while that over the anterior third is removed every hour or two.^^ Al- 
though mucus itself has no bactericidal activity, when combined with 
ciliary activity it constitutes a remarkably efficient means of ridding tln^ 
upper respiratory passages of bacteria. 

Lysozyme is, of course, present in the nasal mucus and it has been ob- 
served®^ recently that the normal serous secretion of the tiosc contains a 
virus inactivating agent (VIA) distinct from lysozyme. The activity is 
virucidal for the influenza and certain other viruses inactivated by sodium 
desoxycholate but what part it plays in resistance to infection is not (;l(uu*. 

The bacteria that penetrate the upper respiratory passages and lodge in 
the bronchi and bronchioles are probably phagocy tosed by the fixed alveolar 
epithelial cells and the wandering leucocytes that enter the hroiuduoles 
and sacs, a process discussed at greater length elsewhere. 

The Mouth, Stomach and Intestinal Tract . — The healthy mouth ordi- 
narily contains great numbers of bacteria, but, except in the case of those 
organisms which have established themselves, this flora is a transient one, 
the microorganisms being constantly removed through the flushing acition 
of saliva and as constantly supplemented by fresh contamination. Saliva 
is but mildly bactericidal,®® and the removal of bacteria is practic^ally 
entirely a mechanical process.®^ The microorganisms flushed to thci baiik of 
the mouth meet with those from the nose and, with them, are swallowi^d. 

Bacteria reaching the stomach are subject to tlie strongly acid environ- 
ment of the normal gastric juice, and there is no doubt that the giciat 
majority of them are destroyed there. Some do, however, reach the intes- 
tinal tract, perhaps because they are embedded in solid particles of food 
and thus protected or because they are able to withstand a short exposur es 
to the bactericidal action of the gastric secretions. Generally, very few 
viable bacteria are found in the stomach, but the numbers of microorgan- 
isms increase in the small intestine with the rise in pH from the duodenum 
to the ileum. The large intestine contains great numbers of bacteria de- 
rived not only from the upper levels of the intestinal tract but also from 
Cf. Hilding: Ann. Int. Med., 1932, 6:227. 
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the multiplication of bacteria present in the intestines as normal inhabi- 
tants. As in the respiratory passages, mucus plays an important part in 
the mechanical removal of bacteria. Here, however, the mucus does not 
form a uniform coating over the intestinal mucosa but is present as a 
meshwork. The villi free themselves from particles by movements which 
bring them in contact with the mucus to which the particles, including 
bacteria, adhere. The mucus, with the embedded microorganisms, is rolled 
up into small masses and moved outward by the peristaltic movements of 
the bowel, Bacteria, then, which enter the mouth and upper respiratory 
tract are eventually extruded with the feces. 

The Genital Tract . — The normal genital tract is remarkably free from 
bacteria. The urethra in both male and female is normally sterile, a conse- 
quence, perhaps, of the flushing action of the slightly acid urine. The few 
bacteria that may be present are confined to the region of the meatus. The 
normal vaginal secretion is acid and is markedly bactericidal toward most 
species of bacteria. 

Normal Flora. — A microorganism somewhat better able to resist the 
defensive mechanisms of the host but at the same time unable, except 
when resistance is reduced to a low level, to invade the body tissues, may 
exist in conjunction with the host as a part of the latter’s “normal flora.” 
The staphylococci which are able to resist the bactericidal action of the 
skin are almost invariably present on these surfaces and are regarded as 
“normal” inhabitants. The scanty bacterial flora of the vagina, on the 
other hand, is composed almost entirely of aciduric bacteria; and the bac- 
terial types present in the intestines are determined to a considerable extent 
by the type of food material present, i.e., the diet of the host, and by the 
pH of the various intestinal levels. Similarly, certain kinds of bacteria, such 
as lactobacilli, spirochetes, various cocci and the like, exist in the mouth 
in the interstices between the teeth and in and under tooth plaques and 
constitute a normal flora characteristic of this region. The bacteria com- 
monly jpresent in the nose and throat consist of still different forms, such 
as pneumococci, Friedlander’s bacillus, green and hemolytic streptococci, 
etc. These organisms, while in a sense a normal flora, are not so well estab- 
lislicd as the flora of some other regions, and the nature of the microorgan- 
isms present may be determined in large part by the kind of bacteria which 
are constantly entering the upper respiratory tract. 

As long as the resistance of the host is maintained at a sufficiently high 
level, the bacteria constituting the normal flora do no harm. If, however, 
resistance is reduced in some manner, the more virulent forms may invade 
the tissues and set up an infection. The congestion of the nasal mucosa, 
and the consequent interference with ciliary activity and the movement of 
mucus, which follows the temperature shock of chilling, not infrequently 
makes possible infection by bacteria such as hemolytic streptococci or 
pneumococci, which are already present. 

Florey: Jour. Path, and Bact., 1933, ^7;283. 
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THE TRANSMISSION OF INFECTION 


Whatever the pathogenic powers of a bacterium and the ellkucncy of 
the defensive mechanisms of the host, an essential preliminary to the pro- 
duction of infectious disease is a meeting of the parasite and its prospecliY<‘ 
host. In some instances in which the bacterium is naturally saprophy ti(\ 
it enters the body by accident, so to speak ; such, for example, appears to 
be the case with tetanus, gas gangrene and similar infections. In most 
instances, however, the bacteria that produce disease arc more or less 
closely adapted to a parasitic existence, and pass from one animal body l.o 
another with only a relatively brief sojourn in the external world. In g<vn- 
eral, then, the transmission of infection is a process in which the causa tivci 
microorganism is transferred, either directly or indirectly, from a dis(^ased 
to a healthy susceptible animal. 

The elucidation of the mechanisms involved in this transfer is a matter 
of considerable practical as well as theoretical impor tance. If the sccjuen(‘,(^ 
of events that precedes infection is known, it may be, and often is, possibles 
to interrupt it at its most vulnerable point and thereby control the spread 
of disease. From the theoretical point of view, disease is by no means en- 
tirely a matter of host resistance and microbic virulence; it is, in a very 
real sense, the outcome of the interaction of the host and parasite popu- 
lations. It is at this point that the study of the infectious diseases tran- 
scends the bacteriology of clinical medicine with its emphasis on the indi- 
vidual case, and assumes broad biological significance as a problem in 
interspecies competition. 

The equilibrium that tends to become established between the host and 
parasite populations is an unstable one in that the factors which determine 
it i.e., the character of the host population in particular and possibly that 
of the parasite population, as well as the environmental factors which 
affect their relationship — are constantly shifting, and the equilibrium over 
has a tendency to establish itself at a new level. The shift may be a sudden 
and violent one whose outward manifestation is an explosive otitbreak of 
disease or, less commonly, may take the form of a gradual increase or 
decrease in the incidence of the disease. 

The factors associated with the maintenance or shift of this equilibrium 
are the subject matter of epidemiology? The term epidemiology is best 
regarded in this broad sense and therefore includes the study of the trans- 
mission of endemic disease, i.e., disease which has a low incidence but is 


discussion of the principles and methods of epidemiology see Frost: 
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constantly present in a population, as well as the study of epidemic disease, 
i.e., disease of high morbidity which is only irregularly present in clinically 
recognizable form. In this connection it may be noted that the term 
pandemic is often applied to an epidemic of unusually great proportions. 
These categories, although useful, are not mutually exclusive; a disease 
endemic in a community may, at times, attain the proportions of an epi- 
demic and later subside to an endemic level. 

Essential to knowledge of the epidemiology of disease are certain char- 
acteristics of the etiologic agent and of the clinical infection which deter- 
mine the possible channels of transmission. The more important of these 
are: 

(1) the route by which the infective agent enters the body; 

(2) the route by which the infective agent leaves the body; 

(3) the resistance of the microorganism to the deleterious effects of the 
outside environment; 

(4) presence or absence of an intermediate host; and 

(5) the relation between frank, clinically recognizable disease and the 
discharge of virulent bacteria from the body. 

The Carrier. — With regard to the last, additional explanation is 
desirable. In the early days of bacteriology it was assumed that the 
contact of host and parasite could have only one or the other of two 
outcomes; either no infection occurred, owing presumably to high resist- 
ance on the part of the host, or clinically characteristic disease developed 
in the individual. More recently it has become clear that an intermediate 
state, the establishing of a symptomless infection, may occur. Such infec- 
tions are, of course, inapparent and concealed and may be demonstrated 
only by isolation and identification of the infectious agent. An individual 
so infected is termed a carrier. 

Two types of carriers are commonly differentiated, the casual carrier 
who harbors the microorganism temporarily, a matter of a few days or 
weeks, and the chronic carrier who remains infected for a relatively long 
time, sometimes throughout life. Such individuals serve, of course, to dis- 
seminate the infectious agent. In the first group are the great majority of 
carriers of the diphtheria bacillus, meningococcus, pneumococcus, certain 
streptococci, etc., and the second includes carriers of certain of the enteric 
bacilli, especially the typhoid bacillus. A third type of carrier is often dif- 
ferentiated, the convalescent carrier who remains infected for a greater or 
lesser length of time after recovery from the disease. These last do not, of 
course, fall into the category of concealed infections. Sharp separation is 
sometimes not possible, however, for the casual or chronic carrier may, in 
fact, be convalescent from the disease in a form either atypical or so mild 
as to go unrecognized (ambulatory cases). 

While it is now commonplace to recognize the existence of the carrier 
state, the implications of the general principle that infection may occur 
without disease are frequently neglected. Thus it follows that clinically 
apparent infections may constitute only a part, in some instances only a 
very small part, of the infections continually taking place. Clearly, then, 
if an important proportion of the infections are of the concealed type, a 
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reasonably accurate estimate of the extent to which Ihc infec.tion is dis- 
seminated in the host population cannot be arrived at on the basis ol cases 
of the disease. The implications of this are several. For examph^ dis(iases 
which occur sporadically and do not seem to be easily or often (ransmilted 
from the sick to the well, such as poliomyelitis, meningococcus incningni is, 
lethargic encephalitis, pneumococcus pneumonia, etc., may be as widely 
disseminated and readily communicable as measles or tlu^ common <‘-old, 
but the clinically distinctive disease is the exceptioTi ratlnn* than the rule. 
Furthermore, the rise or decline of infectious disease or* i (,s age or g(M)graph- 
ical distribution may not reflect a corresponding variability in th(^ prev- 
alence of the infection but may, rather, be a conseqiniiKu^ of variation in 
the case-carrier ratios. Though here inferred from the observ(‘d o<‘currr(‘.nce 
of the carrier state, none of these possibilities remains purely liypotlud- 
ical for all have been found to exist. Thus, carrdeis of virulent pn(uinro(H)(*(‘i 
do not occur predominantly in the higher age groups, iu>r diphtheria 
bacillus carriers in the school child, where the morhidil/y of th(\s(^ diseas(^s 
is highest; diphtheria bacillus carriers arc as cojnmon in (.h(i tropi(\s 
as in temperate climates despite the relative rarity of elinicud diphllnu'ia 
in the hot climates, and so on. In many other easels, su(‘h as that of polio- 
myelitis, such a situation is suspected but technically diflkuilt (,o prove. 
It will be obvious, therefore, that the recognition of tln^ carritu* wS(at,(i and 
its implications is basic to sound epidemiological thinking and of priirmry 
importance to the understanding of the mechanism of sprcMid of th(' 
infectious diseases. 

The epidemiological factors given above arc most readily and most satis- 
factorily determined by experimental study when a disease is of known 
etiology, but sometimes may be approximated to a relatively satisfa<*. lory 
degree by indirect evidence. For example, although (.he famous Broa<i 
Street Pump epidemic occurred prior to the discovery of the (jtiology of 
cholera, the indirect evidence plainly indicated to Snow that the infci^tivc^ 
agent left the body in the feces and entered the gastro-intestinal tracd 
via the contaminated well water.^ ® 

Epidemiological Types of Infectious Disease.- — On the basis of sucdi 
fundamental information, the infectious diseases may be separattid into a 
number of epidemiological types which, despite certain limitations, serve 
to illustrate the diversity of ways in which infection may be disseminated.^ 
A rough classification, based on the assumption that the human being is 
the recipient of infection and that the control of diseases of man is the 
point at issue, follows : 

(1) diseases of lower animals transmissible directly to man (rabies, tularemia, glan- 
ders, etc.); 

(2) diseases of animals or man transmitted by insect vectors in which 

(а) the insect acts as a mechanical carrier (the house fly and typhoid fever), 

(б) the parasite multiplies in the insect vector (bubonic plague), 

2 The original papers have been reprinted under the title Snow on Cholera. Common- 
wealth Fund, New York. 1936. 

3 Epidenaiological types of infectious disease are discussed briefly bv Baker: Amer, 
Jour. Trop. Med., 1943, 2.?:559. 
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(c) the parasite is transmitted from one insect generation to the next by egg in- 
fection (spotted fever), and 

((^ t he parasite undergoes a portion of its life cycle in the insect (malaria) ; 

(:i) (lis(‘ases of animals or man transmitted indirectly 

(«) by water (the enteric infections such as typhoid fever, cholera, etc.), 

(6) by milk (scarlet fever, bovine tuberculosis, undulant fever, etc.), 

(c) by food (typhoid and paratyphoid fevers), and 

(d) by inanimate objects or fonaites, such as books, towels, etc. (scarlet fever, 
diphthei-ia and the like); 

(4) diseases of man transmitted directly 

(a) by infective droplets — air-borne infection (the respiratory diseases and others), 
and 

(b) by direct (contact (the respiratory and venereal diseases in particular). 

Air-Borne Infeclion . — Of these modes of transmission air-borne infection 
is one of the most important. In recent years Wells^ and his associates have 
shed new light on the mechanism of transmission of disease, especially 
respiratory disease, from man to man by the experimental elucidation of 
droplet infection. It was postulated many years ago by Pflugge that such 
diseases could be transmitted by infective droplets. The droplets which he 
studied, liowever, were greater than 0.1 mm. in diameter and fell to the 
ground soon after expulsion by sneezing or coughing, seeding the air for 
only negligible distances. Epidemiological considerations, however, seemed 
to demand air-borne infection effective at considerable distances. Wells 
and his co-workers have shown that Pflugge’s evidence was incomplete and 
that under the usual conditions of humidity particles or droplets smaller 
than 0.1 mm. in diameter are evaporated completely before reaching the 
ground, leaving suspended nuclei consisting essentially of organic matter, 
salts and bacteria, to become, for all practical purposes, a part of the 
atmospliere. The survival of pathogenic microorganisms in such nuclei is, 
of course, largely a matter of their resistance to drying, and it has been 
shown lliat some of the respiratory pathogens, including viruses such as 
that of inlluenza, may remain viable and infective for many hours under 
these circumstances.® The process of expulsion of such droplets in cough- 
ing, sneezing and talking has been photographed by Jennison® and is 
illustrated in Fig. 25. Studies of the air in various types of rooms under 
various conditions have yielded data on the quantitative aspects of air 
contamination; green streptococci have been used as indicators of air pol- 
lution in much the same manner as Bacterium coli is used for studies on 
water pollution. In general, enormous numbers of bacteria of respiratory 
origin have been found in the air of crowded rooms, especially when the 
occupants are sneezing, and there can be no doubt of the significance of 
these observations in relation to the explosive spread of respiratory disease 
in a non-immune population. 

As may be inferred from the outline above, a disease not infrequently 
has a certain epidemiological character which may at times be even more 
familiar to the epidemiologist than the causative agent is to the laboratory 

^ See the review articles by Wells: Jour. Amer. Med. Assn., 1936, i07:169S; and by 
Wells and Wells: Amer. Jour. Med. Sci., 1943, WS:11. 

® Cf. the review by Buchbinder; Jour. Amer. Med. Assn., 1942, 

® Jennison: Amer. Assn. Advancement Sci., Pub. No. 17, 1942, p. 10^. 
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worker. In the case of epidemic influenza, for example, the disease is, at 
present, an epidemiological rather than clinical entity and is diagnosed 
with reasonable accuracy only during epidemic periods. Similarly, epidemi- 



Fig. 25. — ^The atomization of mouth and nose secretions demonstrated by high speed 
photography, i, A violent sneeze in a normal subject; note the close approximation of 
the teeth, resulting in effective atomization. 2, Head cold sneeze; note the strings of 
mucus and the less effective atomization of the viscous secretions. 3, A stifled sneeze. 
4, Sneeze, through a dense face mask. 5, Cough; note the lesser discharge than in the 
uninhibited sneeze. 6, Enunciation of the letter f. (Jennison.) 

ological studies have shown the existence of two kinds of smallpox, the one 
a relatively innocuous variety with a low case fatality and the other a 
severe disease (so-called malignant or “black” smallpox) with a high case 


The Bacterial Population 203 

fatality- The difference between these varieties is real and of no small 
practical importance even though indistinguishable by clinical observation 
of the individual case (p. 803) . 

The epidemiology characteristic of a given disease shows, on the one 
hand, certain, and sometimes close, relationships to other similar infections, 
and, on the other, a certain variability which arises as a result of trans- 
mission in more than one way. The enteric infections, cholera, typhoid 
fever and the bacillary dysenteries, are similar to one another in epidemi- 
ology but are quite different in this respect from the respiratory diseases 
or the insect-borne diseases. The epidemiology of typhoid fever, however, 
is variable within limits and depends to some degree upon whether the 
disease is water-borne, milk-borne or transmitted by food or contact. 
Clearly, then, although it is possible to speak of certain broad principles of 
epidemiology, the epidemiology of a disease is in itself a special case and 
must necessarily be considered elsewhere (see later chapters) under the 
head of that disease. 

The epidemiological character of a disease is dependent primarily upon 
(certain aspects of the microorganism and the clinical infection as indicated 
above, and secondarily upon the habits, environment and mass suscepti- 
bility of the host population. To return to the example of typhoid fever: 
any mode of transmission is necessarily one that provides a connecting 
link between infectious fecal matter and the mouth of a susceptible human 
being, and the possibilities are, to this extent, limited. The age, sex and 
seasonal incidence, to some extent the case fatality, and the geographical 
and sociological distribution of cases are reflections of both the mode of 
transmission and the character of the population. In the case of water- 
borne typhoid, the drinking water supplies the connecting link, and the 
ensuing epidemic, limited to the area supplied by the contaminated water, 
shows no respect for age, sex or economic status. Milk-borne typhoid, on 
the other hand, geographically limited by the route by which the infected 
milk is delivered, exhibits an increased incidence in the lower age groups 
and among females, and is somewhat more frequent among those of higher 
economic status. Other modes of transmission are similarly reflected as 
minor variations in the epidemiological character of the disease. 

Al though the characteristics of the infectious agent and the clinical 
disease determine the means by which disease may be transmitted, the 
extent of its spread is a mass phenomenon determined by the* character 
of the host and parasite populations and, as a corollary, their interaction 
with one another. 

The Bacterial Population. — The well-known variation in the severity 
and “contagiousness” of the infectious diseases is a consequence of corre- 
sponding variation from one species of pathogenic bacteria to another in* 
their ability to invade the body tissues and, once established, to produce 
clinical disease. As indicated in a previous chapter, a single species is poten- 
tially variable in these respects, for such variation can be induced by 
appropriate experimental manipulation. The possibility of such intra- 
species variation in a bacterial population existing under natural conditions 
is one that has intrigued students of infectious disease for many years. 
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It is tempting to account for the genesis and rise of epidemic diseases l)y 
assuming "that the causative agent of a disease of endemic proportions 
gains in virulence by successive passage from person to person until its 
pathogenicity is so enhanced that an epidemic ensues. Similarly, a sojourn 
in a ho-st population containing an increasingly large proportion of ini- 
munes might be expected to result in a diminution in the virulence of the 
microorganism and consequent subsidence of the epidemics. FurllKToiore, 
successive epidemic waves might conceivably result fr'orn periodic fhuq.ua- 
tions in the virulence of the parasite. Unfortunately lor such an expla- 
nation, there is little or no direct evidence that alterations in virulence 
play an important part in the evolution of single or secondary <q)i<ienuc 
waves, and, in nature, bacterial virulence appears to be a rc^lativc^ly stabl(‘ 
character.’’ 

On the other hand, differences in the severity of a single discuise from 
one epidemic to another are, in part, attributable to the existence of strains 
of the infectious agent which differ from one another in virul(nic(\ Ihniign 
and malignant smallpox referred to above is a case in point., and som(‘ 
workers believe that some strains of the diphtheria bacillus produ(‘e a mor(‘ 
severe disease (i.e., with a higher case fatality) than oliun’s (p. 556). Al- 
though variable from one strain to another, available ev ideru^e indic-at (\s l.ha t 
within a single strain virulence does not fluctuate to a demonstrable (h^grc'c. 

Possibly attributable in part to alterations in bacterial viruhnuu^ are 
the changes in morbidity and mortality of some diseases such as siiarhq 
fever, syphilis and tuberculosis, over long periods of time. In the (^ase of 
scarlet fever the twenty-five years prior to 1830 was a period of very low 
death rates and was followed by a forty-year period of high death ra(<(*vS, 
Since then the death rate has declined and, though the incidemee remains 
high, the case fatality is relatively low. In other diseases only a decdiiui 
has been observed. Syphilis is no longer the scourge it was in the sixleenth 
century, and the present decline in tuberculosis began before the inslitu- 
tion of preventive and therapeutic measures. In still other diseases, sucii as 
measles, no such long-term alterations in prevalence have been observed. 
Information is as yet too limited to assess these phenomena; possibly in 
some diseases there are long-term periodic fluctuations in bacterial viru- 
lence (this may be an artifact and represent only variationsin the prevaleruH^ 
of virulent “epidemic” strains of the parasite) while in others an adaptive, 
reduction in virulence or increase in resistance on the part of the host or a 
combination of both may play a part. 

In general, it may be said that, in the short view, the bacterial popula- 
tion, as it exists in nature, is remarkably stable in so far as its ability to 
produce disease in a host population is concerned. Although the severity 
of a disease may and often does, vary from one epidemic to another, 
variation in virulence is not an important factor in the single epidemic 
wave. Over long periods of time, however, alterations in virulence may 
contribute to the changes in morbidity and mortality observed in some of 
the infectious diseases. 

^ The case for alterations in virulence during an epidemic wave has been presented at 
length by Zinsser and Wilson: Jour. Prev. Med., 1932, 6:497. 
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The Host Population 

The Host Population. — In contrast to the relative stability of the bac- 
terial population, the human population is highly variable in its resistance 
to infection, and the variation, attributable to both intrinsic and extrinsic 
factors, is not infrequently of such magnitude that its consequences are of 
considerable practical importance. 

Since a population, human or infrahuman, is composed of individual 
oi’ganisms, it follows that its character is determined by the nature of these 
individuals and their relations to one another, and its reaction to an ex- 
ternal influence is expressed in terms of the aggregate of the reactions of 
its members. The response of a human population to an infectious disease 
is, of necessity, measured in terms that are composites of the responses of 
the individual members of the population, in short, by some method of 
counting. Such counting is, of course, the basis of statistics, and the statis- 
tical method, with its ramifications and refinements, is a powerful tool 
which makes possible the study of the response of human populations to 
disease — a response which is measured in terms of rates, ratios, life tables 
and similar numerical devices. 

Of the intrinsic factors which determine the response of a human popu- 
lation to an infectious disease, one of the most important is age distribu- 
tion. The quantitative predominance of the lower age groups characterizing 
an immature population declines with population growth while the higher 
age groups correspondingly increase. As a consequence, the diseases of 
childhood and early adult life, such as diphtheria, tuberculosis and the 
like, are relatively prevalent in an immature population but become pro- 
gressively less so with the passage of time, while the diseases of old age 
increase in incidence with the maturing of the population.® The frequency 
of an infection is expressed as a rate, either as the number of persons in- 
fected in a given unit of time or incidence, or as the total number of persons 
infected at any one time or prevalence. Correction of morbidity and mor- 
tality rates is a practical necessity and is made either by the use of specific 
rates, i. e., the proportion of cases or deaths within a specified age group, 
or by the use of standardized rafes which are not the observed rates but 
rather what the observed rates would be if the age distribution of the 
population were that of a standard or reference population.® 

The sex distribution of a population and its racial composition are of 
somewhat lesser practical significance, although in some communities in 
the United States the high mortality rate of the Negro has necessitated the 
use of race specific mortality rates. 

® For a discussion of these problems see Perrott and Holland: Milbank Mem. Fund 
Quart., 1940, if<9:359. 

® Two standards have been used in Europe, one, the population of Sweden as it existed 
in 1890, and the other, the population of England and Wales as shown by the 1901 census. 
The first is standard in age distribution only, while the second is standard for both age 
and sex. In this country the population of the entire country is usually taken as a 
standard, and the populations of states or other portions of the country compared or 
adjusted to it. 

For a discussion of the methods of population study with respect to disease see 
Pearl: Introduction to Medical Biometry and Statistics^ 3rd ed. W. B. Saunders Com- 
pany. Philadelphia. 1940. 
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The extrinsic factors which alter the resistance of a host populat ion to 
the spread of disease may exert their effects in either or both of two ways: 
first, by influencing the resistance of part or all of the individuals com- 
prising the population; and, second, by influencing the relationships be- 
tween individuals. Perhaps the most important factor in the first category 
is active individual immunity. If a sufficient portion of a population is 
immune to a disease as a result of artificial inoculation or recovery from 
an attack, the resistance of the entire group to epidemics of that disease is 
of a high order, a phenomenon which has been termed herd immunity. 
Other factors may reduce the resistance of the individual ; in liim^s of sl,r(^ss 
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Fig. 26. — Changing age distribution in the population of the United States. Mstiniates 
1940 to 1980 by Thompson and Whelpton. 

or calamity, for example, when relatively large groups are undernourished, 
fatigued and exposed to inclement weather, epidemic disease may spread 
with great rapidity. 

Equally important to the resistance of a population to epidemic disease 
are the factors which determine the interrelationships of its members. 
Crowding in large gatherings or the enforced close association arising from 
inadequate housing facilities obviously provides opportunity for the dis- 
semination of respiratory and other diseases transmitted directly from man 
to man, and, as well, certain indirectly transmitted infections, such as 
louse-borne typhus fever. Similarly, the spread of enteric infections is, to 
a large extent, dependent upon sanitary facilities and the solution of the 
twin problems of water supply and sewage disposal. Group practices which 
support a large rat population make bubonic plague a potential menace, 
and the presence of large numbers of mosquitoes of the appropriate species 
allows the wide dissemination of malaria and yellow fever. These and other 
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factors, political, sociological or economic in nature, obviously exert no 
small influence on the resistance of a population to the spread of disease. 

The Interaction of Host and Parasite Populations. — It will be clear 
from the foregoing discussion that the interaction of the host and parasite 
populations is a highly complex phenomenon. Even assuming that the para- 
site population, when the parasite is a pathogenic bacterium, remains 
relatively constant in its ability to produce disease, the resistance of the 
host population is in a constant state of flux and the equilibrium between 
the two is rarely a “steady state.” As has been indicated, the relation be- 
tween host and parasite populations is a part of the general problem of 
interspecies competition, and has been studied at length, particularly by 
the economic entomologist^^ and the experimental zoologist.^^ The infectious 
diseases of man constitute a series of special cases of the host-parasite 
relationship, dilfering from one another with respect to mode of transmis- 
sion, incubation period, period of inf activity, immunity, case fatality, etc.^* 
The studies on infectious disease have taken two forms : one, the theoretical 
analysis of epidemic spread; and the other, the experimental investigation 
of controlled epidemics among populations of laboratory animals, i. e., 
experimental epidemiology. 

Theoretical Analysis. — The theoretical treatment of the dissemination of 
infectious disease in a susceptible population is exceedingly difficult because 
of the tremendous number of variables which are involved. If, however, 
certain simplifying assumptions be made, analysis in terms of the mathe- 
matics of probability yields information of considerable significance, and 
a certain insight into the evolution of the single epidemic wave may be 
gained. 

The evolution of the single epidemic wave is best considered here by 
the arithmetic method of Frost,^^ which involves finite differences, although 
other methods based upon the calculus have been developed.^® Let C = the 
number of cases, aS = the number of susceptibles and N = the contacts 
per day, then r, the contact rate per day, is given by 

N 

N - rCS or r = ^ 

It is assumed that each case is infectious, that one contact suffices to 
produce the disease in a susceptible individual, that multiple contacts are 
disregarded, and that the unit of time (the day) is small enough so that 
C and aS do not change materially during that period. Then the number of 
contacts per unit time t (the day) is 

Nt = rCSt 

See the reviews by Nicholson: Jour. Animal Ecol., 1933, 2:132; and by Thompson: 
Parasitology, 1939, 31:299. 

“ Gause: The Struggle for Existence. Williams & Wilkins Company. Baltimore. 1934. 

“ For a discussion of this interaction in streptococcal infection in man see Cobum 
and PauK: Jour. Exp. Med., 1941, 75:551. 

Frost: Cutter Lecture, 1928, unpublished. Method outlined by Zinsser and Wilson: 
Jour. Prev. Med., 1932, tf:497. 

See Soper: Jour. Royal Statistical Soc., 1929, 92:34. 
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The probability of contact is, therefore, 


and the probability of avoiding contact is 

q = l— p = l— rCt 

Since there are 1/t units of time in the entire period, the chainx^ of avoidiiif; 
contact over this period is 

1 

Q = (1 - rCt)*^ = e~-"‘ 

Therefore, the chance of at least one contact is given by 

P = 1 — e—^c. 


and the number of new cases infected during the day is 

PS - (1 - s 


Assuming the incubation period to be one day — i, e., the contiuU ol one 
day is the case of the next — a theoretical epidemic wave may he built up 
by a series of substitutions in the last equation. Starting with 1 (),()()() 
susceptibles, one case, and a contact rate, r, of .0002, the first day. 


the second day, 
the third day, 


(1 — 10,000 = 2 (now cases). 


(1 _ q~.ooo6) 9990 = 0 


(1 - e--00i8) 9992 = 18 


and so on through the complete epidemic wave. Various modifications such 
as limiting the period of infectivity through the introduction of case fatality 
and the development of immunity, extending the incubation period, and 
the like may, of course, be made. 

Theoretical epidemics built up in this way show a remarkable similarity 
to observed epidemics of disease, and, although the factors entering into 
the determination of the value of r are highly complex, it is evident that 
the probability of chance contact is a factor of primary importancie in the 
evolution of the epidemic wave. In a population consisting lat‘gely or en- 
tirely of susceptibles, this probability is large and the disease spreads 
rapidly; but, as the number of susceptibles is reduced by conversion to 
cases, immunes and fatalities, the probability diminishes and the epidemic 
subsides.^® It may be noted that the term “contact” is used to mean 
“effective contact” and more than one meeting with a case may be required 
to make up an effective contact. It is often said that an important factor 
in epidemic spread is dosage, i.e., the number of microorganisms that a 
susceptible individual encounters within a definite period of time. An 
adequate “dose” is, clearly, an effective contact. 

For experimental studies on the mathematical theory of epidemics see Kermack and 
McKendnek: Jour. Hyg., 1939, ^9:291 et ante. Also the summary by McKendrick: 
Edinburgh Med. Jour., 1940, 47.-117. 
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The nature of herd immunity will become clear at this point, for the 
higher the proportion of immunes in a population the smaller the proba- 
bility of effective contact between case and susceptible; i.e,, many of the 
contacts will be with immunes, and the population exhibits a group resis- 
tance to epidemic disease which may be of such a high order that an 
epidemic is no longer possible and the disease smoulders in an endemic 
form as a result of the importation of new cases or the persistence of infec- 
tion in healthy carriers whose contacts will give rise to an occasional case* 
A susceptible member of such an immune population, then, enjoys an 
immunity that is not of his own making but arises as a result of his mem- 
bership in the group. A measure of this protection is given as Q in the 
above equations. 



Fig. 27. — Diagrammatic representation of the course of an epidemic wave in terms 
of numbers of cases (lower curve) and numbers of susceptibles (upper curve). Note the 
coincidence of the peak of the epidemic wave with the threshold density of susceptibles. 
(After McKendrick.) 

Clearly there will be a critical proportion of susceptibles and immunes 
in the population; with a greater number of susceptibles epidemic disease 
can develop and with a lesser number it cannot. This critical point has 
been termed threshold density and is that which prevails at the peak of the 
epidemic wave. The total number of cases in the epidemic will, then, be 
twice the number of susceptibles in excess of this threshold density present 
at the beginning, and following subsidence of the wave the population is 
left with a greater or lesser degree of herd immunity. 

Such precise relationships are only approximated in nature. In practice 
the threshold density fluctuates and is a function in part of dosage. When 
the prevalence of a disease is high a given individual will be subjected to 
a greater number of bacteria per unit time; some, previously immune to 
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smaller doses, will become susceptibles under such circumstances and t he 
“effective concentration,” so to speak, of immunes declines with consequent 
effect on the herd immunity to epidemic disease. This effect of dosage on 
the host population has been termed infection pressure and is a matter of 
considerable practical importance. Successive epidemic waves may, then, 
occur as a consequence of increased infection pressure as well as through 
the accumulation of new susceptibles (see below). Recurrent waves of a 
disease that is a clinical but not an etiological entity are, of course, another 
matter. 

The question of the relationship between an infectious disease and a 
susceptible population over a long period of time is somewhat more com- 
plex. Mathematical treatment such as the Ross malaria equations and 
Martini’s equations for immunizing diseases^*^ is too far removed from 
reality to have much practical significance, principally because the mathe- 
matical approach requires that the parameters remain constant over long 
periods of time. This condition is probably rarely if ever satisfied; it is 
well known, for example, that within the last century both diphtheria and 
scarlet fever, previously of low prevalence, took on a malignant character 
and higher prevalence for some decades and then within the last forty 
years have gradually declined in both prevalence and severity. Tt is of 
some interest, however, that the differential equations of Martini, for ex- 
ample, show one stable equilibrium at the origin and another at a positive 
value which is approached by a series of oscillations above and below the 
final state of equilibrium so that a series of epidemic waves appears. These 
solutions suggest that (a) under certain circumstances a disease may tend 
to die out and (b) under other circumstances a disease will reach an 
equilibrium after a series of epidemics of decreasing severity.^® 

A disease will, of course, die out if it does not reproduce itself, £.<?., if 
the bacterium is present only in the active case and each case does not, 
on the average, give rise to a second case. It is not unlikely that some 
diseases are dying out in this way; it has been suggested,^® for example, 
that the decline in tuberculosis is due in part to inability of the disease to 
reproduce itself, a process accelerated by isolation of active cases. The 
second suggestion is of interest in connection with the epidemic periodicity 
of certain diseases such as measles, which appears in epidemic form usually 
at two year intervals. It is obvious, of course, that following an epidemic 
a new crop of susceptibles appears, and when their numbers reach a suffi- 
ciently high level, a new epidemic ensues and so on ad infinitum. It is 
unlikely, however, that these epidemic waves are damped as predicted by 
theoretical equations, for subtle variation in the complex of factors that 
are over-simplified as parameters will wipe out the damping effect. It will 
probably be many years before predictions regarding the future of infectious 
diseases attain a status better than that of guesses. 

For a discussion of this general problem see Lotka: Elements of Physical Biology. 
Williams & Wilkins Company. Baltimore. 1925. 

i*See also the discussion of harmonic analysis by Ziezold; Ztschr. f. Infektionskr. , 
1942. 124:93. 

Frost: Arher. Rev. Tuberc., 1935, 52:644. 
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Experimental Epidemiology.®® — The information that may be de- 
rived from observation of naturally occurring disease, i.e., descriptive 
epidemiology, is limited since the observer has no control over the process 
and for all practical purposes the experiment is carried out for instead of 
by him. In experimental epidemics, however, the conditions may be adjusted 
as desired and it may be anticipated that such experiments will be highly 
informative. 

In recent years the study of epidemics of infectious disease developed in 
populations of laboratory animals under controlled conditions has been 
carried out by Topley, Greenwood, Wilson and others in England and by 
Webster and his colleagues in the United States.®^ These experimental 
epidemiological studies have been confined, for the most part, to the study 
of the dissemination of Salmonella typhi-murium (aertrycke). Salmonella 
enteritidis, Pasteurella muriseptica and the virus of ectromelia (a foot-pad 
disease of mice) among populations of mice. Mouse typhoid and pasteurel- 
losis are regarded as analogous to human diseases such as typhoid fever in 
which there is an imperfect immunity and carrier state, and ectromelia as 
analogous to human diseases in which a solid immunity is developed, such 
as diphtheria. The extent to which the analogies may be carried, and to 
which the conclusions reached are applicable to the considerably more 
complex human population as it exists under natural conditions, is open to 
some question; nevertheless, these studies, as yet in their infancy, have 
yielded valuable information. 

The experiments which have been carried out were of two general types. 
The closed epidemic was produced in a population of mice, often about 
fifty in number, by the introduction of infected animals. The other type 
of experiment was carried out in an infected mouse population recruited 
by continuous immigration, i.e,, mice were added at regular intervals, the 
rate varying from one mouse every three days to six mice per day. The 
results may be summarized briefly: 

(1) The epidemic wave initiated in the closed population by the intro- 
duction of infected individuals closely resembled those observed in the 
human population. 

(2) The effects of dispersal of the infected population of the closed epi- 
demic into large or small groups at various times during the development 
of the epidemic were studied. The time at which the population was dis- 
persed was found to be of primary importance; the later dispersal was 
effected, the less favorable the result, and after the peak of the epidemic 
wave was reached it continued unchecked even though the population was 
dispersed to individual mice. This is of particular interest since fleeing from 
an epidemic has been a popular method of escaping infection, viz,, the 
Decameron, In this connection the results of dispersal of children from the 
industrial centers of England in 1939-1940 may be noted. A sharp reduc- 
tion of 40 per cent or more in diphtheria morbidity occurred in the evacu- 
ated towns together with an increase of 60 to 70 per cent among local 

See the general discussion by Topley: Proc. Roy. Soc., Ser. B, 1942, i30:SS7. 

21 See the review by Greenwood, Hill, Topley and Wilson: Medical Research Council 
Special Report Series No. 209. 1936, 
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children in reception centers, the latter returning to normal within six 
months. Similarly, the biennial periodicity of measles was broken by this 
dispersal. 

(3) The effect of active immunization on the epidemic was not so great, 
as might be supposed. If the mice were immunized prior to the epidcnlic^ a 
favorable effect was apparent and more marked in ectromelia than in S. 
typhi-murium infections. Immunization undertaken after the initiation of 
the epidemic was without effect. 

(4) In the mouse population recruited by continuous immigration a 
series of epidemic waves developed, the frequency of which was direcvtly 
related to the rate of immigration. Thus, with a low rate, such as one mouse 
every three days, epidemic waves were separated by periods ol I’omission 
in which no deaths occurred. As the immigration rate was increased, (lu^ 
waves occurred with greater frequency and with the addition of six micre 
per day there were no periods of complete remission, the epidemic waves 
taking the form of periods of increased mortality. 

(5) With high immigration rates, the peaks and troughs in the daily 
death rate became less and less pronounced after a year or more, bol,h the 
rate and total population tending to become invariant. Thus it was pos- 
sible to approximate experimentally the damped periodicity and eventual 
equilibrium predicted on theoretical mathematical grounds (see above), 
and the experimental host population could be brought into approximate 
equilibrium with the parasite population. 

(6) An inadvertent experiment with a population recruited by a high 
rate of immigration proved to be of considerable interest. The mouse popu- 
lation had reached the equilibrium indicated above by summer when Ihora 
was a heat wave of unusual intensity in London. There were many non- 
specific deaths (mice are highly susceptible to heat), followed by violently 
fluctuating specific mortality. In the course of time an equilibr ium was 
again reached but at a considerably higher death rate and decreased num- 
bers than formerly. The parasite was shown to be unaltered in virulence 
and the immigrants had not, of course, had the heat experience. Hence 
the host-parasite relationship per se was altered by an environmental 
“catastrophe.” The relationship of these observations to the long term 
relation between the human population and infectious disease is of in teres t. 
If it be assumed that the day of the mouse is equivalent to thirty days in 
the life of man, over the four years taken by this experiment the following 
were observed: (a) a period of stability with low regular death rates and 
growing population {ca. 600 days) equivalent to a human experience of 
slightly less than fifty years — this, it may be noted, is longer than the 
twenty-five year period ending about 1830 during which the death rate 
from scarlet fever was relatively low; (b) a period equivalent to fifteen 
years of severe and repeated epidemic waves; and (c) a period equivalent 
to some thirty years of relatively high mortality in a more or less stable 
state of equilibrium in a population reduced in numbers — it may be noted 
that the post-1830 epoch of virulent scarlet fever lasted more than forty 
years. 

(7) The mortality rates of the mice were intimately related to the length 

22 Stocks: Jour. Roy. Statistical Soc., 1941, if 04.-311; ihid., 1942, 405:259. 
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of time that they were members of the infected population; the rate rose 
rapidly to a peak in the early days of cage age and, although it declined 
slowly with the passage of time, to a greater extent in ectromelia than in 
mouse typhoid or pasteurellosis, the survivors of one epidemic wave may 
be the victims of another. The removal at regular intervals of a number of 
mice equal to the number added at the same interval markedly altered 
the trend of these mortality rates; under these circumstances, the initial 
peak of mortality was lower, but the rapid decline was not apparent and 
the mortality rate remained at a high level. Removal was of considerable 
advantage to the individual mouse; in general, the earlier the removal the 
greater the advantage, except during the decline of an epidemic wave, 
when isolation did not increase the chances for survival of individual 
animals. 

Although the evolution of the single epidemic wave in the experimental 
studies closely resembles its counterpart in the human population, the in- 
ability to control experimental epidemics by immunization is at variance 
with observations on epidemic disease in human populations. Some human 
diseases, such as diphtheria and smallpox, can be restrained from assuming 
epidemic proportions by active immunization of a sufficiently large number 
of the individuals making up the population. Whether or not this and certain 
other minor discrepancies prove to be real or illusory with future work, a 
number of pertinent suggestions have come out of these investigations. The 
response of the experimental host population in terms of mortality rates 
and cage life expectation cannot be interpreted as yet in some cases ; in others 
the interpretation is questionable. For example, the English workers feel that 
some of the data suggest alterations in virulence and “infectivity” of the 
bacteria, while Webster in the United States interprets these findings as 
indicative of a graded, inheritable resistance in the host population. 

Some of the experiments, however, have yielded clear-cut results that 
bear directly upon the interaction of host and parasite populations in 
nature. Perhaps the most important of these is the experimental demon- 
stration of recurring epidemic waves resulting from the continuous addi- 
tion of new susceptibles to the infected population. In spite of the fact 
that such a sequence of events is predicted by theoretical epidemiology, as 
indicated above, the repeated flaring up of a disease of man or domestic 
animals, thought to be stamped out in the inter-epidemic periods, is most 
often taken as evidence of the reimportation of infection.^^ The experi- 

23 Greenwood, Hill, Topley and Wilson: Jour. Hyg., 1939, 59:109. 

24 In this connection Major Greenwood {Epidemics and Crowd-Diseases. The Mac- 
millan Company, New York. 1935) has made the following delightful suggestion . . a 
majority of the officials who in different countries report upon epidemics among farm 
animals cannot bring themselves to conceive that upon a farm or within a district 
wherein a scheduled disease once existed, and was afterwards officially declared to have 
ceased to exist, it could start into life without a reimportation of mater ies morhi, these 
happenings must be explained by reimportation. We can always see a joke much more 
easily when it is against some poor foreigners rather than against ourselves- I advise 
an Englishman, therefore, to read the Dutch or German explanations of the recrudes- 
cence of foot-and-mouth disease and learn how the virus may be blown by the winds 
of heaven, or dropped on an island in the excreta of wild geese, A Dutchraan might 
find explanations of the reimportation of foot-and-mouth disease to be found in English 
official documents equally bizarre.” 
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mental demonstration of this phenomenon and the indicated futility of 
quarantine in the control of a disease which has become widely disseitu- 
nated (only when a disease is not present, or present in limited elFective 
foci, can quarantine and isolation procedures be eflective) is, clearly, of 
considerable significance. 

Epidemiological Data and Their Interpretation. — ^The pur]:)()scs ol' 
epidemiological study are threefold: first, to indicate the nature of the 
infective agent, its source and modes of transmission when these are not 
fully est€ihlished otherwise, i.c., on an experimental basis; second, to 
extend this information into a corresponding general theory of the epi- 
demiology of the disease; and third, to determine in detail the local con- 
ditions which favor or control the dissemination of the infectioTi in a given 
area or community. 

For these purposes four general types of information, usually simple in 
character but wide in extent, are required. First, the area in whicdi the 
disease occurs and the regularity of its geographical distribution are highly 
informative. Thus, the general occurrence of a disease indicates that, envi- 
ronmental conditions, including fauna, climate, etc., peculiar only to parts 
of the area are not essential to its transmission. Similarly, restriction of the 
disease within geographic limits indicates that special environmental con- 
ditions are necessary for its dissemination; these may include crowding, 
presence of an insect vector, water supplies, proximity to reservoirs of 
infection, etc. In general, a uniform distribution of the disease is indicative 
of a simple method of transmission, as in the case of measles, whereas an 
irregular distribution, such as that of spotted fever, implies a more complex 
process dependent upon a source of infection or conditions necessary to 
transmission that are correspondingly irregularly distributed. 

Second, the rate of prevalence of the disease suggests the source of infec- 
tion. A high rate, such as that of measles, indicates that the observ(?d cases 
are the most important, if not the only source of infection. Conversely, 
sporadic distribution of widely separated cases implies the existence of a 
concealed reservoir of infection such as the casual or chronic carrier or 
some of the lower animals. 

Third, the seasonal distribution is also inforniative when considered to- 
gether with other epidemiological features of the disease. Thus, a seasonal 
occurrence may be consistent with hypothecated insect transmission or it 
rnay eliminate an insect vector as the sole transmitting agent. Similarly, 
the occurrence of water-borne typhoid fever in the late winter and early 
spring supports the hypothesis of preservation of typhoid bacilli in the 
cold and their Kberation from contaminated watersheds in the first thaws. 

Lastly, the age distribution of the disease is suggestive as a corollary to 
other epidemiological characteristics, and often aids in their interpreta- 
tion. Ihus, a disease occurring for the most part in the early years of life 
such as m^les or diphtheria, often shows differences in age incidence 
between urban and rural areas which are explained by the more frequent 
occurrence of i^unizing infections, apparent or subclinical, in the more 
crowded meas. Since similar differentials are apparent in poliomyelitis, the 
age distribution of this disease, together with other of its epidemiological 
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features, supports the view that this disease is widely prevalent as a sub- 
clinical infection. 

Epidemiological evidence, therefore, consists of a series of inter-related 
facts from which a conclusion or series of conclusions may be drawn. The 
first step in epidemiological procedure is necessarily the demonstration of 
associations between the frequency of occurrence of the disease and some 
condition or set of conditions, the second the ascertaining of the relation- 
ship of these associations with one another, and third their relations to the 
general epidemiological theory of the disease. To take a simple example, in 
milk-borne typhoid fever it may be ascertained that cases of the disease 
occur predominantly along the route of the milkman, that in families so 
supplied the cases occur among those who drink milk, that the cases 
appeared within a limited time to suggest simultaneous infection and that 
an employee of the dairy is a carrier of typhoid bacilli. Not only are these 
associations related to one another but they are consistent with the general 
epidemiological theory of typhoid fever, viz., that transmission is basically 
a matter of the transfer of infected fecal material (or urine) from a case or 
carrier to the mouth of a susceptible person. 

While this would appear self evident, there is an opinion of some preva- 
lence that since epidemiological evidence is necessarily purely circum- 
stantial, it cannot be conclusive. This is perhaps due in large part to failure 
to appreciate the development, often basically statistical and therefore 
mathematical, of the logical analysis, and the significance of the body of 
evidence as a whole. The method of analysis and interpretation of epidemi- 
ological evidence are identical with that of experimental evidence, the 
practical difference lying in the fact that, as pointed out earlier, the 
epidemic is an experiment done for rather than by the observer and cannot 
be manipulated. 

The Control of Infectious Disease. — With an understanding, albeit 
admittedly imperfect, of the factors which determine the means and extent 
of the dissemination of infectious disease, comes the possibility of control. 
The variety of epidemiological types of disease and the individual varia- 
bility within these broad groups make for differences in control measures, 
and the control of a given disease under given circumstances almost always 
constitutes a special case. Certain generahzations may, however, be made 
which will serve to indicate the complex natinre of the problems of the 
control of the spread of infection and provide a point of departure for 
consideration, in later chapters, of specific diseases. 

In general, control measures may be regarded as corollaries of the factors 
involved in the transmission of infection and, therefore, fall into two groups : 
one including those which raise the resistance of the individual and, through 
him, of the population; and the other, those designed to alter the relation- 
ships of the individual members of the population to one another in such 
a way that the opportunities for the dissemination of the infectious agent 
are reduced. Very often both types of control measures are used, their 
relative efficiency and practicality varying from one disease to another. 

Diseases of lower animals which are transmitted either directly or indi- 
rectly to man involve a third population, the animal reservoir of infection. 
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When transmission is from animal to man and occurs only rarely from man 
to man, three methods of control are possible. First, the disease may be 
controlled in the animal; second, the relationship between the human and 
animal populations may be altered in such a way that transmission of 
infection cannot take place; and third, the resistance of the human popu- 
lation may be raised by immunization procedures. The relative efficacy of 
these methods of control is variable and depends upon the disease. Rabies, 
for example, can be controlled in the dog population, and, in fact, has been 
entirely eliminated in England by rigid regulation, but neither mass irn- 
munization of the human population nor alteration of the relationship 
between dog and human populations is practical. In the case of bovine 
tuberculosis and undulant fever, however, disease may not only be con- 
trolled in the animal population, but the relation between human and 
animal populations is readily altered by interposing the barrier of pas- 
teurization. In other instances in which the reservoir of infection is a wild 
animal, immunization, when a solid immunity can be obtained, of the 
limited number of individuals who have contact with such infected 
populations is satisfactory. 

The insect-borne diseases present still other problems in control in that 
the link between man and animal or man and man is a living organism. 
In general, control of the insect population or of the disease in the insect 
will result in control of the disease in man. The infections transmitted by 
insects are, for the most part, rickettsial, protozoan and virus diseases; 
few bacterial diseases are insect-borne, presumably because in many of 
the blood-sucking insects the intestinal tract is actively bactericidal and 
most species of bacteria are rapidly destroyed there. The mechanical trans- 
mission of bacterial infection by insects is, then, relatively rare and, except 
under unusual circumstances, of no great importance. Two species of path- 
ogenic bacteria are, however, resistant to this bactericidal activity: the 
bacilli of plague and tularemia multiply in the rat flea (Xenopsylla cheap is) 
and the deer fly (Chrysops discalis) respectively. When the microorganism 
either multiplies or completes a portion of its life cycle in the insect vector, 
the insect is infective for the duration of its life; such is the case in yellow 
fever, typhus fever, malaria and other diseases. The problems of control 
of these diseases are the problems of the control of the insect population, 
either indirectly through the insect’s animal host as in bubonic plague or 
directly as in malaria. A further complication is introduced in the case of 
spotted fever. The tick (Dermocentor andersoni) undergoes an inoomplet-e 
metamorphosis, and the infection is “hereditary,” i.e., transmitted to the 
second generation. There is, in consequence, not only an animal reservoir 
of infection but also a second reservoir in the form of infected ticks. 

Diseases Transmitted Directly from Man to Man. — The diseases trans- 
mitted directly from man to man by contact or by air-borne infection are 
by far the most difficult to control. The mechanism of transmission is, of 
course, very simple and does not offer the possibilities for interference that 
may be taken advantage of in the more complex processes. Furthermore, 
the practices and habits of the human population that make possible trans- 
mission by these means are a part of day-to-day existence in the life of 
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man. Thus the aggregation of human beings under crowded living condi- 
tions in urban areas, and the theatres, schools, churches, and other public 
meeting places cannot be dispersed or eliminated for the control of air- 
borne infection. Similarly, prevention of the spread of venereal disease is 
theoretically possible but relatively unsuccessful in practice. 

In the past, therefore, control of disease spread by these means has been 
dependent upon effective active immunization procedures. Diphtheria and 
scarlet fever may be so controlled by the immunization of a reasonably 
large part of the population, but influenza, the common cold and others 
continue to be widespread. 

With the elucidation of the mechanisms of air-borne infection and the 
development of aerosols (p. 70) and ultraviolet irradiation for the destruc- 
tion of air-borne bacteria, it seems possible that the spread of air-borne 
infection may be controlled. Thus, the establishing of air sterilization in 
public gathering places of various kinds, possibly in the air conditioning 
systems, as well as in hospital wards may be effective. 

The control of the spread of a given disease is, in practice, complicated 
by two important factors. First, a disease is often transmitted in more than 
one way. This variation may be within narrow limits; for example, an 
insect-borne disease may be transmitted by several species of insects which 
differ from one another in distribution, breeding habits and the like. In 
extreme cases a disease may fall into more than one epidemiological type; 
bubonic plague, for instance, which is transmitted from the rat to man by 
the rat flea, may assume a pneumonic form transmitted by infective drop- 
lets and become independent of the rat population. Secondly, infection 
may be carried and transmitted, not only by clinically recognizable cases 
of disease but also by cases before clinical symptoms appear; by individuals 
who have a disease in such a mild form that it is not recognized; and by 
heal til y individuals who carry the infection either transiently or semiper- 
manently. For example, while it is not difficult to prevent epidemics of 
water-borne typhoid fever, the disease remains endemic in a community 
as a result of the dissemination of the bacilli from ambulatory cases and 
carriers, and this so-called '‘residual typhoid” is extremely difficult, if not 
impossible, to eradicate. 

It will be clear from the foregoing discussion that the transmission of 
infection is indeed a highly complex matter. Each disease is a special case 
of the host-parasite relationship which is not infrequently complicated by 
the interaction of two or more host populations. The elucidation of the 
interrelationships of these groups is a necessary preliminary to the under- 
standing of the mechanisms operative in the dissemination of disease. 
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THE BACTERIOLOGY OF WATER AND SEWAGE 

Of the iaterrelationships between the members of human populations 
that facilitate the transmission of infection, those arising as a consequence 
of common water supplies and the ^oup disposal of sewage are among the 
most important. Transmission of disease by this means is, of course, con- 
fined to diseases of the so-called enteric group, in which infection takes 
place via the gastro-intestinal tract and the causative microorganisms 
are discharged with the feces. Infection is, therefore, the result of a direct 
connection between infectious fecal material and the mouth of a suscep- 
tible person, and when that connecting link is a common water supply, as 
it frequently is, outbreaks of cholera, typhoid fever and the like occur. 
This link is, however, readily broken; the great water-borne epidemics 
are rapidly becoming a thing of the past as a consequence of the utiliz:a- 
tion of effective control measures, and present day water-borne epidemics 
are indicative, not of a lack, but of a failure to make use of existing knowl- 
edge.^ 

WATERS 

Because of water-borne disease and the obvious desirability of its control, 
studies of the bacteriology of water have been directed, for the most part, 
toward its sanitary aspects. The best single criterion by which the sanitary 
quality of a water may be judged is, clearly, the kind and numbers of bac- 
teria that are present in it. If it were possible, as a routine procedure, in- 
variably to detect the presence of the appropriate disease-producing bac- 
teria, it would be unnecessary, from the sanitary point of view, to take the 
non-pathogenic forms into consideration. This is, however, not the case; 
a judgment of the sanitary quality of a water cannot be made on the basis 
of failure to find a microorganism such as the typhoid bacillus in that 
water. This bacterium, for example, is usually so outnumbered by similar 
forms such as the colon bacillus that its isolation and identification require 
enrichment cultures in selective media and other time-consuming pro- 
cedures and even then are not always successful, and a negative finding is 
of doubtful value. 

It is legitimate to assume, however, that when a water is polluted with 
human fecal material, it is probable that it contains bacteria which cause 
enteric infection. This probability becomes a certainty when the fecal 
material is pooled, as in the sewage of a community, because of the ubiq- 
uitous presence of healthy carriers of typhoid bacilli and similar micro- 
organisms. Since it is impractical to isolate these pathogenic bacteria them- 

^ Gorman and Wolman: Jour. Amer. Water Works Assn., 1939, 3i:22S. 

* Prescott and Winslow: Elements of Water Bacteriology. 5th ed. John Wilev & Sons 
New York. 1930. 
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selves as a routine measure, some indicator of fecal pollution will serve 
equally well as a criterion of the sanitary quality of a water. The question, 
which was stated many years ago,^ becomes this : Are there types of bacteria 
which are never present in natural waters free of pathogenic bacteria but 
which may always be found in water polluted with human fecal material 
and therefore probably with pathogenic bacteria? If so such types of bac~ 
teria can be used as indicators of pollution. The answer to this question 
involves a consideration of the bacterial flora of natural waters, including 
both bacteria which are native inhabitants of water and those micro- 
organisms whose presence is a consequence of contamination from external 
sources. 

Bacteria Native to Natural Waters. — The bacteria whose native 
habitat is water are not well known, ^ in part because many of them are diffi- 
cult to grow on laboratory media. There is no question, however, of the 
existence of a bacterial flora normal to and characteristic of natural waters. 
The types of bacteria which make up this natural population may be 
considered briefly: 

(1) higher bacteria, frequently the sheathed forms assigned to the 
Chlamydobacteriales and including sulfur, iron and other forms; 

(2) the Caulobacteria, a relatively recently described group of “stem” 
bacteria which occur in lakes and other bodies of water attached to 
some inanimate object; 

(3) the spiral forms, which are frequently found in great numbers in 
water, some of which may be very large, 20 to 30 fx in length, as 
compared with the parasitic spirilla; 

(4) a variety of bacilli, including 

(a) pigmented forms such as Bacterium prodigiosum, Bacterium 
violaceum. Bacterium aurescens, and others, 

(b) various non-pigmented forms such as 

1. the fluorescent bacteria — Pseudomonas fluorescens, 

2. certain of the sulfur bacteria, 

3. thermophiles, 

4. aerobic, spore-forming bacilli of uncertain taxonomic position; 

(5) coccus forms, both 

(a) pigmented, generally yellow — ^very often Sarcina lutea, and 

(b) non-pigmented — Micrococcus aquatilis. Micrococcus candicans, 
and others ; 

(6) nitrogen-fixing bacteria — Azotobacter aquatile in particular; 

(7) nitrifying bacteria — both Nitrosomonas and Nitrobacter. 

These water bacteria are found in fresh water in swamps, streams and 
lakes. The bacterial populations of salt waters have not been studied until 
recent years, but it appears® that the sea contains similar bacteria, in- 

3 Cf. Jordan in Thirtieth and Thirty-first Repts. Mass. State Bd. of Health, 1898, 
1899, 

4 Cf. the review by Baier: Studien zur Hydrohakteriologie stehenden Binnengewasser. 

Arch, t HydrobioL, 1935, 29:183, also the studies of Taylor: Jour. Hyg., 1940, 49:616: 
ibid., 1941, 4f:17; ibid., 1942, 42:284. C 

« ZoBell and Feltham: Bull. Scripps Inst. Oceanog., Tech. Series, 1934, 3:27S; Waks- .. 
man, Hotchkiss, Carey and Hardman: Jour. Bact., 1938, 35:477. 
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eluding the nitrogen-fixing forms, the fluorescent bacteria, various pig- 
mented forms and the like. The water bacteria bear the same relation to t he 
constant and recurring transformations of organic matter that take place 
in natural waters as they do to the same processes in the soil and are, 
therefore, an integral part of ac^uatic life.® 

Some, but by no means all, of the water bacteria can be cullivated on 
laboratory media. In any case no one medium suffices; the nitrilying bac- 
teria, for example, cannot be grown in the, presence of organic matter. 
Since the bacteria found on plates are of necessity only those that, will 
grow upon the medium used, it will be clear that the value of platen counts 
as estimates of the numbers of these microorganisms is questionable. b]n- 
richment cultures are sometimes useful, and it may be noted parenthet- 
ically that the simple holding of a water sample for a period of hours will 
frequently result in a marked increase in numbers. Considerable information 
has been obtained in recent years by a method of “slide culture” in winch 
a clean glass slide is suspended in the water for several days, removed, 
stained and studied microscopically. 

Bacterial Contamination of Natural Waters. — In addition to the 
native water bacteria, a given water may, and usually does, contain a 
variety of bacteria as contamination from external sources. These soiir(‘es 
are two — the air and soil, and human excreta. 

Bacteria from the Air and Soil . — The number of bacteria in the air bcai's, 
as might be supposed, a close relation to the quantity of larger suspended 
particles or “dust.” There are fewer bacteria in the air of the country tlian 
of the city, fewer in mountain air than in the air of the lowlands, and the 
air in midocean is nearly bacteria-free. Under appropriate circumstances 
bacteria suspended in the air are those expelled from the upper respiral.oi y 
tract of human beings and are of no small significance in the transmission 
of “droplet infection,” hut in so far as air in general is concerned this is 
an insignificant and relatively rare occurrence. Pathogenic microorganisms, 
such as the tubercle bacillus and the pyogenic cocci, have been found in 
the air of hospitals and sickrooms, but as a rule pathogenic bacteria in 
dry dust are exceedingly rare. The kinds of microorganisms in the air vary 
somewhat in different localities, but certain forms are generally present. 
Molds and yeasts are quite common and in some instances outnumber the 
bacteria. These include various species of molds such as Penicillium glau- 
cum (the blue-green mold) and various yeasts, many of them the pigmen ted 
(red) torulae. Bacillus subtilis and related forms, together with the various 
micrococci, often pigmented, are almost universally present. These organ- 
isms may be isolated from the air by various filtering devices and most 
efficiently by the air centrifuge of Wells. They find their way into natural 
waters thr ough settling out or are swept down by rain. 

Many of the bacteria present in the air, particularly the aerobic spore - 
formers, are essentially soil forms blown up in dust and able to survive 
drying. The soil itself contains tremendous numbers of bacteria; a gram 
of average field soil probably contains 100,000,000 to 50,000,000,000 living 

® Of. Henrici in Problems of Lake Biology. Amer. Assn. Advancement of Science 
Publication No. 10. 1939. 
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bacteria, most of which are found in the upper six inches of soil, few being 
found in undisturbed soil below a depth of four to five feet. The great 
majority of these microorganisms are native to the soil and include the 
nitrogen-fixing and nitrifying bacteria, bacteria of the amylobacter group 
and a variety of forms whose biochemical activities are an integral part of 
the mechanism of the decomposition of organic matter in the soil.^ A small 
part of the native bacterial flora of the soil consists of potential pathogens 
such as Clostridium tetanic Clostridium edematis (the bacillus of malignant 
edema), Clostridium hotulinum and others. 

Bacteria other than those which make up the normal flora of the soil 
may be present as contamination. For practical purposes the pathogens 
that may be present may be regarded as coming from one of two sources, 
the flesh of animals and of persons who have died of infectious disease, and 
the excreta of human beings. In the first instance only one organism, the 
anthrax bacillus, is of significance, for other bacteria causing diseases of 
animals and man, such as the causative agents of tularemia, plague, spotted 
fever and other diseases of animals, together with the bacteria of human 
disease such as the diphtheria bacillus, streptococci, etc., do not survive 
long in the soil (p. 132). 

In the case of the anthrax bacillus, however, the spores are able to sur- 
vive for long periods of time, perhaps years, and are brought to the surface 
from buried bodies by earthworms. Pastures may, then, remain infective 
for cattle for long periods of time. 

The pathogenic bacteria contained in human excreta are, of course, those 
microorganisms which leave the body via the intestinal tract, i.e., those 
causing the enteric diseases. These bacteria do not multiply in the soil but 
their vitality may be considerably prolonged, possibly for two to three 
months. 

It will be clear that bacteria present in the air and in the soil have rela- 
tively ready access to bodies of water and contamination may take place 
either more or less continuously or at irregular intervals under certain un- 
usual conditions, as during and immediately after heavy rains. The contri- 
bution of air and soil, the latter in particular, to the bacterial flora of water 
is, then, considerable. Since the bacteria native to water are not patho- 
genic, what of this contamination with respect to the sanitary quality of a 
water? Some of the potential pathogens, e.g., the bacilli of tetanus and 
malignant edema, are not infective when taken by mouth, and others, 
even though they survive for sufficient periods, rarely produce infection by 
this route. The normal portal of entry of the enteric bacteria is, however, 
the gastro-intestinal tract, and it is these microorganisms which constitute 
the significant contribution of contamination through the agency of soil. 

The intestinal bacteria may be washed directly into lakes and rivers or 
other bodies of water by heavy rains; hence the presence of excreta on 
water sheds and consequent contamination of impounded waters is of con- 
siderable practical importance. In many instances, particularly in the case 
of shallow wells and the like, typhoid and other bacilli enter the water 

7 Waksman: Principles of Soil Microbiology, Williams & Wilkins Company. Balti- 
more. 1st ed., 1927; 2nd ed., 1932. 
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supply from privies, latrines and similar devices via ground water. The 
distance over which such contamination can travel is a function of the 
rate of death of the bacteria and the rate of ground water flow. The latter 
is obviously dependent upon many factors such as the amount of rainfall, 
the local geological formations and the like, and each instance of contami- 
nation or possible contamination must be considered individually. Fecal 
bacteria have been found to penetrate from 100 to 200 feet in ground water.^ 
In general fine soils and sand tend to impede their progress to a greater 
extent than coarse sand and gravel. The rock formations may be of con- 
siderable significance; sandstone, for example, filters out bacteria, while 
limestone tends to erode with the formation of direct communicating chan- 
nels, and wells drilled into such formations may contain typhoid bacilli 
which entered the water many miles away and are, therefore, always to 
be regarded as dangerous. 

Contamination by Human Excreta. — Contamination of water by human 
excreta may take place, not only indirectly through the agency of soil as 
noted above, but also directly. Such direct contamination is, for the most 
pjart, a consequence of human population densities and urban organization, 
and takes the form of dumping of sewage of one community into a body of 
water which serves as a water supply to another. Whether directly or indi- 
rectly contaminated, such waters contain not only the native bacterial flora 
supplemented by microorganisms from the soil, but also the bacterial flora 
of the human intestine. The contribution of the last consists primarily of 
Bacterium coli in very large numbers, together with Clostridium welohii, 
Streptococcus fecalis and the various intestinal pathogens. 

Factors Influencing the Kinds and Numbers of Bacteria. — The 
numbers of bacteria that may be found in a given water are dependent 
primarily upon the type of water, whether it is a surface water, such as 
that found in streams, lakes and shallow wells, or a deep water from deep 
driven wells. In the first instance opportunities for contamination are great 
and, as might be expected, many bacteria are present. The water from deep 
wells, on the other hand, has undergone an effective filtration in order to 
reach the deeper strata in which it is obviously not subject to any extensive 
contamination; hence relatively few bacteria are found. 

A variety of environmental factors influences the bacterial content of 
water; chief among these are the amount of organic matter present and 
the temperatme. In general, the more nutriment there is present in the 
form of organic matter, the greater the number of bacteria. Low tempera- 
tures ^e not conducive to rapid growth and tend to keep the numbers of 
bacteria down, a factor that favors the survival of pathogens such as the 
typhoid bacillus which are unable to multiply in any case. Higher tempera- 
tures result in an increase in bacterial numbers in the presence of sufficient 
organic matter, but if the supply of nutriment is not great, after a pre- 

supply is exhausted, the numbers 
fall below the initial level. Other environmental factors are not infrequently 
influential in determining the types of bacteria present in a water; ther- 
mophiles will, of course, predominate in hot springs and sulfur bacteria in 
® See, for example, the studies of Caldwell: Jour. Inf. Dis., 1938, 62 : 225 ^ 272 
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sulfur springs ; and the acidity of many natural waters results in a limited 
flora of acid-resistant bacteria. 

Bacteria in Ice.^ — Although it is difficult if not impossible to sterilize a 
substance by exposure to low temperatures, many of the bacteria present 
are killed, only the resistant cells surviving. The great majority of bacteria 
in water are killed by freezing. Hence ice always contains but a fraction 
of the number in the water from which it was formed. Over 90 per cent 
both of the ordinary water bacteria and of typhoid bacilli die within a few 
hours, and a progressive decline in numbers then takes place, less than 1 
per cent of typhoid bacilli surviving at the end of a week of freezing. Ice 
stored for six months is practically sterile. Outbreaks of typhoid fever have 
rarely been traced to the use of ice, although in a few instances the evidence 
of ice transmission seems quite conclusive. Danger of typhoid infection 
from the use of ice in drinking water is, in the absence of direct contami- 
nation of the ice during handling, always less than from the use of water 
from the same source as the ice. 

The Bacteriological Analysis of Water. — It will be apparent from 
the above discussion that the bacteria whose presence in water is a conse- 
quence of fecal pollution are not present in uncontaminated water and are 
sufficiently different from the native water bacteria that they may be 
readily distinguished. Of these bacteria Bader ium coli is present in greatest 
numbers, while Streptococcus fecalis and Clostridium welchii, although con- 
stantly present, are usually not so numerous. It would appear, therefore, 
that any of these microorganisms could be used as an indicator of pollu- 
tion. Of these Bact. coli is the most satisfactory, although both Sir. fecalis 
and CL welchii have been used in Europe. The streptococci are, however, 
sometimes difficult to differentiate. CL welchii has the disadvantage that 
its spores remain viable over long periods of time in contrast to Bact. coli 
which, although more hardy than the typhoid bacillus, dies out in time; 
hence CL welchii does not allow the differentiation of recent and old pol- 
lution. The quantitative relations between the coliform bacteria and the 
enteric pathogens are discussed at some length by Kehr and Butterfield.^^ 

The bacteriological examination of water for the presence of Bact. coli 
rests upon the fact that this microorganism ferments lactose. The standard 
procedure for the examination has been prepared jointly by the American 
Public Health Association and the American Water Works Association, 
and is revised at frequent intervals.^ ^ Briefly, it consists of three parts, (1) 
the presumptive test, (2) the confirmed test and (3) the completed test. 
In the first, lactose broth is inoculated with decimal dilutions of the water 
sample, commonly 10 cc., 1 cc. and 0.1 cc. (expressed as dilutions these are, 
respectively, 0.1, 1 and 10). The volume of the smallest inoculum producing 

® See Jensen: Food Research, 1943, 8:26S. • i? tt i u 

10 For British practice, which differs slightly from American, see Ministry of Health 
Kept. No. 71, The Bacteriological Examination oj Water Supplies. His Majesty’s Sta- 
tionery Office. London. 1939- 

11 Kehr and Butterfield: Pub. Health Repts., 1943, 58:589. ^ • 

12 This procedure may be found in detail in Standard Methods of Water Analysis, 

American Public Health Association, 8th ed., 1936, and in condensed form in most of 
the standard laboratory manuals. > 
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fermentation provides a crude approximation of the numbers of Bad. coli 
present in the water. A more accurate estimate may he obtained by inocu- 
lating five tubes with each dilution and calculating the most probable 
number oiBact. coli on the basis of the number of tubes in which fermenta- 
tion occurs. The confirmed test consists of the inoculation of a specified selec- 
tive medium such as Endo or eosin-methylene blue (EMB) plates, bi illiant 
green lactose bile broth, crystal violet lactose broth, fuchsin lactose broth 
or formate ricinoleate broth. The appearance of typical coli colonies on 
the plates or fermentation in the selective lactose broth constitutes a 
positive confirmed test. In the completed test one or more typical colonies 
are picked from an Endo or EMB plate inoculated either from the original 
lactose broth culture or from the secondary selective medium showing 
fermentation and are transferred to an agar slant and a lactose fei’men- 
tation tube. After incubation the slant culture is smeared and stained and 
examined for the gram-negative non-spore-forming rods of Bad. coli. If 
the culture is found to be morphologically Bad. coli and the lactose is 
fermented, the completed test is positive. 

The Coliform Bacteria. — Although BacL coZi is readily distinguished from 
the native water bacteria, the closely related Bacterium aerogenes is found 
in grains and elsewhere in nature though not, it may be noted, in virgin 
soils. The two bacterial species may be differentiated by a number of tests 
(p. 275), but these are not a part of the standard method of water exami- 
nation; hence the gram-negative, lactose-fermenting bacteria whose pres- 
ence is determined are more properly termed coliform bacteria rather than 
Bad. coli. 

The Sanitary Significance of Coliform Bacteria. — In recent years there has 
been a tendency in sanitary water analysis to emphasize the distinction 
between Bad. coli and Bad. aerogenes, the presence of the latter being 
considered by many to have little or no sanitary significance. There is no 
doubt that Bad. coli is more predominantly of “fecal origin” while Bad. 
aerogenes is found in greater relative abundance in soil than in sewage. 
For this reason it is maintained that a predominance of Bad. aerogenes 
over Bad. coli in a water supply is more indicative of soil contamination 
(the coli presumably of animal origin) or past pollution than of recent pol- 
lution. Particularly in tropical countries — where, however, intestinal dis- 
ease is rife — it is urged that the presence of microorganisms of the Bad. 
aerogenes type in drinking water is of little sanitary importance. The ecology 
and significance of the different types of coliform bacteria found in water 
are reviewed and considered in detail by Taylor.^® 

It should be remembered, however, that coliform bacteria of all kinds 
are practically absent from virgin soils and from pure spring and surface 
waters, and that while Bad. aerogenes and intermediate forms are not 
present in feces in as great numbers as Bad. coli, their presence may never- 
theless be demonstrated by appropriate methods.^ ^ Even if it is true that 
Bad. aerogenes is somewhat more resistant then Bad. coli, and hence may 
survive in soil or water long after the latter has disappeared, the fact that 

Taylor: Jour. Hyg., 1942, 42:23. 

Gray: Jour. Hyg., 1932, J2.T32; Bardsley: Jour. Hyg., 1934, J4;.S8 
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its presence is not reliable evidence of recent pollution may not be as de- 
cisive as sometimes assumed. Experience in water examination has shown 
that it is not safe to disregard the warning of potential danger conveyed 
by evidence of soil washings and “'past pollutions.” It is unwise, therefore, 
in routine water analysis, to place too much stress upon the differentiation 
between Baci aerogenes andBact coli, at all events until the practical value 
of such differentiation can be clearly demonstrated. 

Plate Counts. — It is usually desirable to have an approximate measure 
of the total number of bacteria in drinking water, not because the sanitary 
quality of a water can be judged on this basis alone, but because such 
information frequently has ancillary value. The counts obtained by quan- 
titative dilution and plating are, it must be remembered, those of the micro- 
organisms that will grow on the medium used, other bacteria being quite 
inapparent by this method. 

Two series of plates are poured, one in which the medium is nutrient 
gelatin and the other nutrient agar, or both may be nutrient agar. The 
gelatin plates, or one set of agar plates, are incubated at 20° C. and the 
agar plates at 37° In general the native water and soil bacteria grow 
best at 20° G. ; in some cases they do not grow at all at 37° C. ; and bacteria 
of animal origin grow most rapidly at body temperature. The relative num- 
bers of microorganisms growing at the two temperatures are, then, at 
times suggestive of the origin of the bacteria found. 

Chemical Analysis. — The analysis for appropriate chemical compounds 
frequently is of value as an adjunct to bacteriological analysis in the deter- 
mination of the sanitary quality of a water Pollution by sewage, for ex- 
ample, adds complex compounds, protein, carbohydrate and fat, to the 
water, and the amount and state of the decomposition products of these 
substances may serve as an index of the degree and time of pollution. Am- 
monia, nitrites, nitrates, chlorides and albuminoid nitrogen are usually 
determined. It may be noted that the chemical analysis of water is fre- 
quently made in connection with hardness, turbidity, taste, smell and 
similar features, which, while often of considerable industrial or esthetic 
significance, are of no sanitary importance. 

The Assay of the Sanitary Quality of Water. — The means by which 
the sanitary quality of a water is judged may be summarized briefly: 

(1) The bacteriological analysis, including both 

(a) the presence or absence of coliform bacteria and 

(b) the number and type of bacteria present; 

(2) the type of water, whether surface or deep ; 

(3) the local conditions; and 

(4) chemical analysis. 

Of these the presence and numbers of coliform bacteria are the most impor- 
tant, and it must be remembered that the relative abundance, rather than 
the presence, of these microorganisms is the essential feature of the test. 
The discovery of a single colon bacillus in 50 cc. of water, or even occa- 
sionally in 5 cc., affords no reasonable ground for suspicion of the water. 
The possibility of sporadic contamination with colon bacilli derived not 
from man but from domestic animals or birds must be kept in mind. 
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Manured fields and pastures, filled with grazing cattle or sheep, are likely 
sources of colon bacilli and may give rise to mistaken inferences if the 
environmental examination of a water supply is neglected. Knowledge of 
such local conditions as well as the type of water may, then, be essential 
to the interpretation of the bacteriological findings. Chemical analysis may 
be of considerable help in some instances, hut in general it is not essential. 

Bacteriological Standards . — The question of the significance of the bac- 
teriological findings brings up the matter of standards to which a water 
suitable for drinking should conform. Now it will be clear that, although 
considerable numbers of colon bacilli in a water are always suggestive of 
fecal contamination by man or animals, a standard is necessarily a minimum 
which is inherently difficult to define under the circumstances. In the 
United States the only such standard is that of the Treasury Department 
for drinking water on common carriers:’® 

(1) Of all the standard (10 cc.) portions examined . . . not more than 10 per c<^nt 
shall show the presence of organisms of the Bact coli group. 

(2) Occasionally three or more of the five equal (10 cc.) portions constituting a stand- 
ard sample may show the presence of Bact. coli. This shall not be allowablti if it occurs 
in more than: 

(a) five per cent of the standard sample when twenty or more samples have been 
examined; 

(h) one standard sample when less than twenty samples have been examined. 

Note. — It is understood that in the examination of any water supply the scries must 
conform to both the above requirements. 


An approximate and qualified standard has been prepared by the English 
workers’® which, in a summarized form,’ ^ has considerable illustrative value 
but is not to be taken as absolute: 


Plate count, agar, 3 days, 22*° Q. 
Plate count, agar, 2 days, 37° C. 

Bact coli 

Fecal streptococci 

CL welchii 


deep waters 
10—200 per cc. 

1—10 per cc. 
<1 per 100 cc. 
<1 per 100 cc. 
<1 per 1000 cc. 


surface waters 
50-500 per cc. 
5-30 per cc. 
<5 per 100 cc. 
<5 per 100 cc. 
<5 per 1000 cc. 


The two kinds of water given above represent, as deep water, a water 
that is satisfactory for human consumption and, as surface water, a water 
that, while probsbly not dangerous, is open to some suspicion. In the 
absence of further information, however, a water cannot be judged on the 
basis of the bacteriological findings only; this is evident in the case of 
the above “surface waters.” Current American views on the question of 
standards are discussed in the Journal of the American Water Works 
Association.^^ 

The Purification of Water Supplies. — When, by bacteriological exam- 
ination or otherwise, a water is known to be unsafe for consumption, the 
^ Public Health Reports, 1925, 40.-693; ibid., 1943, 58:69. 

Examination of Water Supplies. Ministry of Health Series No. 
71. His Majesty's Stationery Office, London. 1934. 

f’’^™ Topley and Wilson: Principles of Bacteriology and Immunity. 2nd ed., 
1936. Wilham Wood & Company. Baltimore, p. 1583. These writers tentatively offer, 
tor Illustrative purposes only, specific standards based on British practice. 

Jour. Amer. Water Works Assn., 1943, 55:93, 135. 
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question arises as to ways and means of artificial purification. There are a 
number of useful methods of purifying water, differing according to the 
amount and character of the water to be treated, which may be summarized 
as follows: 

(1) mechanical methods 

(a) storage 

(b) filtration 

1. slow sand filtration 

2. coagulation and rapid sand filtration 

(2) chemical methods 

(a) large scale — hypocholorites and liquid chlorine 

(b) small scale — hypochlorite, ultraviolet light, ozone, etc. 

Of these, storage is not generally regarded as a method of water purifi- 
cation, though the numbers of bacteria are usually greatly reduced in 
impounded waters because of the exhaustion of the food supply and the 
consequent death of bacteria and settling, not so much of bacteria alone 
as of suspended matter which carries down bacteria with it. The partial 



removal of suspended matter is frequently desirable, particularly with 
txu-bid waters, and may be carried out by allowing the water to remain in 
a settling basin for a time. 

Slow sand filtration is one of the earliest and most effective methods of 
water purification and is in use in many European and some of the older 
American cities. These sand filters are constructed so that the water passes 
through 1 to 5 feet of sand supported upon graded layers of gravel (see 
Fig. 28). The rate of filtration must be accurately regulated and the effi- 
ciency of operation controlled by frequent bacterial tests of the effiuent. 
Such filters are highly effective. Bacteria are removed, not to any great 
extent by mechanical straining out, but through a biological mechanism 
in which the activity of protozoa is an important feature. The passage of 
water through these filters is necessarily a relatively slow process and, in 
consequence, relatively large areas are required, which, for financial or 
other reasons, are no longer available in large American cities. Few of 
these filters have been constructed in recent years, and the use of rapid 
sand filters is becoming common. 

The rapid sand filters, which may be used with turbid waters that would 
clog a slow sand filter, are frequently employed in conjunction with “co- 
agulation,” the addition of such substances as aluminum or ferric sulfate. 




228 The Bacteriology of Water and Sewage 

which form flocculent precipitates (the hydroxides). The precipitate carries 
down most of the suspended matter and, of course, many bacteria, and 
is readily filtered out, yielding a clear effluent containing relatively few 
bacteria. Laboratory experiments on centrifugation of dilute suspensions 
oiBact, coli in the presence of kaolin or infusorial earth have indicated that 
70 per cent of the viable cells are found in the sediment.^ ^ Such filters must 
be cleaned from time to time, a process that is seldom required with slow 
sand filters. They make possible, however, the treatment of a large quantity 
of water on a relatively small filtering area. 

Destruction of pathogenic bacteria in water supplies is most often 
brought about by treatment with germicidal chemicals. Of those, hypo- 
chlorite (calcium hypochlorite or bleaching powder) was at one time used 
widely in the treatment of municipal water supplies, and it still has its 
uses, although it has been largely superseded in large scale treatment by 
liquid chlorine, which is supplied in cylinders under jiressure. Chlorine is 
added directly to the water through an automatic feeding device in accu- 
rately measured amounts which are determined by the character of the 
water. In general, the greater the amount of extraneous organic matXer 
present, the greater must be the amount of chlorine added. The amount of 
chlorine taken up is termed the chlorine demand, and the point at which 
the residual chlorine or available chlorine becomes proportional to the 
added chlorine is called the “break point” in the chlorine demand curve. 
When liquid chlorine is added to ordinary surface water, clear and not 
highly contaminated, in the proportion of about 0.5 to 1 part of “available 
chlorine” per million gallons, the ordinary intestinal bacteria are destroyed, 
including such pathogenic forms as the typhoid bacillus.^o The tastes and 
odors in chlorinated waters may be due to an overdose of chlorine caused 
by inadequate control methods, or to the action of chlorine upon compounds 
present in the water, commonly as industrial wastes. Excess chlorine and 
tastes caused by chlorination can often be removed by dechlorination with 
SO 2 or treatment with KMn04 or activated carbon. The bactericidal ac- 
tivity of chlorine may be prolonged, particularly in waters containing con- 
siderable organic matter, by the simultaneous addition of liquid ammonia 
with the formation of chloramines. 2’ The introduction of chlorination of 
municipal water supplies has, in practically every instance, resulted in 
marked reductions in the incidence of enteric infection, typhoid fever in 
particular, in this country. The addition of chlorine or other bactericidal 
agents is not a “cure-all” however. When a water is sufficiently heavily 
contaminated bacteria embedded in particles of organic matter are not 
killed even in the presence of available chlorine. It is generally agreed that 
a content of more than 50 coliform bacteria per cubic centimeter indi caters 
pollution too great for successful chlorination. 

It may be noted that frequently a combination of filtration and chlori- 

i^Schulhoff and Huekelekian: Jour. Amer. Water Works Assn., 1936, S<9:1963. 

example, the studies of Levine, Heller and Bender: Jour. Amer. Water 
Works Assn., 1942, 54:1787. 

treatment is discussed in Jour. Amer. Water Works Assn., 

Ly4;i, 
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nation is desirable particularly with rapid sand filters. Not only does a 
preliminary filtration have esthetically desirable features in the case of 
turbid waters, but considerably less chlorine is required for treatment than 
would have been the case had not the greater part of the suspended 
material been removed. 

The chemical treatment of water on a small scale does not always involve 
expense as a primary consideration and hence other methods are not in- 
frequently used. The treatment of swimming pool water by ultraviolet 
irradiation adds no taste or odor to the water and, although considerably 
more expensive than chlorination, can be used because the scale of oper- 
ation is small. Ozone, which is strongly bactericidal, is also relatively ex- 
pensive and is not commonly used in this country but is used to an appre- 
ciable extent in Europe. Chlorination is, of course, always available. It 
is carried out by the addition of hypochlorite when the installation of 
liquid chlorine apparatus is not desirable, as, for example, in the treatment 
of a contaminated cistern. 

At times the treatment of water becomes an individual matter, as in 
the case of an army in the field or when a public supply is known to be " 
impure. In the first instance the water may be treated by the addition of 
hypochlorite in the form of bleaching powder or a solution of sodium 
hypochlorite, or by the addition of a small amount of iodine, one part of 
Lugol’s iodine solution to 1000 parts of water. In the home, filters, such 
as the Berkefeld or Chamber land bougies, may be used, but filtration is 
slow and care in operation and frequent cleaning are necessary. The sim- 
plest and best method of water treatment for the family or individual, how- 
ever, is simple boiling. Boiling for five minutes is quite sufficient to destroy 
with certainty the typhoid bacillus and allied forms as well as the cholera 
vibrio. When water-borne disease is prevalent, or when a water supply 
is notoriously impure or exposed to chance of infection, boiling is the only 
wholly safe procedure. 

SEWAGE 

Sewage is best regarded as the used water supply of a community and 
as such is a dilute solution of fecal matter and other wastes. From the 
hygienic point of view it is an important vehicle in the transmission of 
enteric infection ; hence the manner of its disposal is of considerable signifi- 
cance. The mechanisms of sewage disposal have as their objects first, the 
ridding of a community of an ever-present volume of waste and, second, 
disposal in such a manner that it is not dangerous to other communities. 

The complex organic compounds present in sewage undergo the same 
processes of decomposition that are involved in the breakdown of dead 
organic matter in nature and are a part of the so-called cycles of elements 
such as nitrogen, phosphorus and the like. Any type of sewage treatment, 
then, is nothing more than a mechanism for bringing about or accelerating 
these transformations. The organic compounds are first broken down to 
amino acids, monosaccharides and the like, which are eventually oxidized 
completely to carbon dioxide and water in the case of carbon and hydrogen. 

See the review on ozone treatment by Hann: Jour. Amer. Water Works Assn.* 
1943 , 55 : 585 . 
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and to nitrite and nitrate in the case of nitrogen. Bacteria are ^e active 
agents in this decomposition and oxidation, the mechanisms of which nave 
been discussed earlier (Chapter 5) . Although essentially simple in princip e, 
sewage treatment is in practice a complex problem which cannot be 

considered at length here.^^ ^ - 

In general, however, sewage disposal falls into one of three cat^ories : 
(a) dilution, (b) partial treatment and (c) complete treatment. In the first 
instance the sewage is simply dumped into some body of water wh^e it 
will not annoy its originators. Here the breakdown and oxidation of the 
constituents of the sewage occur in nature, and, if sufficient time elapses, 
no trace remains beyond an increase in nitrate which, in turn, serves as 
food material for phytoplankton. When this transformation takes place in 
a flowing stream, the phenomenon is known as the self-purification oj 
streams. The essential element, however, is not the fact that the water is 
in movement but that sufficient time elapses for the breakdown and oxi- 
dations to proceed to completion. Soil polluted with sewage similarly 

“purifies itself.” i i . 

‘ With increasing population densities the disposal of sewage by dilution 
becomes unsatisfactory because a body of water is not infrequently a water 
supply to a neighboring community. Some form of treatment, then, be- 
comes obligatory; in other words, the decomposition is made to take place 
in whole or in part in the various tanks and other devices making up a 
sewage treatment plant rather than allowing it to occur in natural bodies 
of water. In practice, treatment takes the form of preparatory processes 
followed by a period of anaerobic digestion, then a period of aerobic oxi- 
dation. Treatment may be complete even through nitrification, or the 
partially treated sewage may be disposed of by dilution. 

When the disposal of fecal material is an individual or family problem 
the mechanics involved are somewhat different, but the processes of de- 
composition and oxidation are essentially the same whether a privy, cess- 
pool or septic tank is used. 

It will be noted that, although sewage treatment is basically a bacterio- 
logical process, the pathogenic bacteria are not involved; their presence is 
not taken into consideration, nor is there any effort to destroy them excej)! 
in the rare instances in which the effluent from a complete treatment plant 
is chlorinated. In one sense, then, sewage treatment is not directed toward 
the control of water-borne disease. The fact that it is treated, however, is 
of considerable significance in this connection. When sewage is disposed of 
by dilution, the typhoid bacillus and related microorganisms do not mul- 
tiply; rather, a decline in numbers sets in immediately, and these bacteria 
do not survive as long in water as in soil, probably not more than a few 
days or a week. It is probable that they tend to disappear equally rapidly 
during sewage treatment, although there is no assurance that pathogens 
are absent in the effluent from treatment plants. Clearly then, fresh pollu- 
tion is more dangerous than past pollution, and, in a sense, treatment 
obviates the possibility of such fresh pollution. The economic and esthetic 
aspects of sewage treatment are, of course, another matter. 

See Imhoff and Fair: Sewage Treatment. John Wiley & Sons. New York. 1940. 



CHAPTER 11 


THE BACTERIOLOGY OF MILK AND FOOD 

As a vector of infectious disease, milk differs from water in that it is an 
excellent medium for the growth of many pathogenic bacteria, and from 
other foods in that it is the only food of animal origin that is consumed in 
large part in the raw state. Since large quantities of milk are consumed— 
it is estimated that about 16 per cent of the average dieteiry in the United 
States consists of milk and milk products — the importance of this sub- 
stance in the transmission of disease is evident. The diseases transmitted 
by milk are: first, diseases of cattle transmissible to man and including 
bovine tuberculosis, undulant fever, foot-and-mouth disease and strep- 
tococcal infections from infected udders; and, second, diseases of man in 
which the milk serves as the link between man and man, such as typhoid 
fever, septic sore throat, scarlet fever, diphtheria and, rarely, certain other 
diseases, such as poliomyelitis. 

Sources of Bacteria iu Milk. — Unlike water, milk has no native bac- 
terial flora, and it is probable that milk as secreted into the udder of a 
healthy cow is sterile. The rdilk in the udder is, however, rarely if ever 
bacteriologically sterile, for the microorganisms invade the udder via the 
milk ducts of the teats and the first portion of the milk drawn (fore-milk) 
always contains more bacteria than the last (strippings). There is, further- 
more, no bacterial flora that is characteristic of milk ; the presence of micro- 
organisms is always a consequence of contamination and the types of 
bacteria found are determined by the source of contamination. From this 
point of view the bacteria of milk fall into two groups; first, those which 
are present in the tissues of an infected cow and find their way into the 
udder; and, second, those which enter the milk, usually after it is drawn, 
from sources external to the animal. 

Bacteria from Infected Cattle. — Of these microorganisms perhaps the 
most important is the tubercle bacillus. These bacteria get into the milk 
directly as a consequence of tuberculosis of the udder, which occurs in 1 
to 2 per cent of infected cows, and indirectly by contamination with cow 
manure when the infectious sputum is swallowed and discharged with the 
feces. In either case the milk is infective for man, the bovine variety of the 
tubercle bacillus giving rise, as a rule, to bone and joint rather than pul- 
monary tuberculosis (p. 576). Milk may, of course, be infected with human 
tubercle bacilli from infected persons. A high proportion of the former type 
of infection occurs when the transmission of this disease is allowed to occur. 
The disease may be controlled at its source, i.e., by the elimination of 
infected cattle from dairy herds, a practice which is practically universal 
in the United States. 
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A bovine variety of Brucella melitensis, the causative agent of uiidulant 
fever (Chapter 22), infects cattle, producing the disease contagious abort ion 
(the bacterium is sometimes designated Brucella abortus). This microorgan- 
ism is excreted in the milk and infects man, producing a rnild type of 
undulant fever. The caprine variety of this bacterium which is present in 
the milk of infected goats produces a much more severe disease in man. 
Undulant fever, like tuberculosis, may be controlled by control of the 
disease in the animal reservoir of infection. 

The virus of foot-and-mouth disease, a virus disease of cattle, is excreted 
in the milk and is thus transmitted to man. The disease in man is mild, 
however, and not of great public health importance. More important are 
the streptococcus infections of the udder, designated garget or mastitis. 
The Hotis test is commonly used for the detection of mastitis; it consists of 
incubating fresh milk in the presence of 0.025 per cent bromcresol purple 
for twenty-four hours at 37° C. A positive reaction, the formation of yellow 
flakes on the side of the test tube, is dependent upon the presence of the 
streptococci and of agglutinins in the milk; the growing bacteria are 
clumped by the antibody and the acid reaction results from the fermen- 
tation of lactose. The indeterminacy of streptococcus species, coupled wWi 
the fact that the same type of streptococcus may produce more than one 
disease (p. .335), makes it diflicult to evaluate the signiflcance of strepto- 
coccus mastitis to milk-borne disease. Milk-borne epidemics of septic sore 
throat, however, are not infrequently associated with acute udder inflam- 
mation in the dairy herd and the massive and continuous infection occur- 
ring in some of the outbreaks indicates that the udders of the cattle wcrc^ 
infected. It has been suggested that the streptococci of scarlet fever may 
proliferate, with or without symptoms, in the udder, though it is probable 
that in most instances milk-borne scarlet fever is a coirsequence of direct 
human contamination.^ It may be noted that the udder may be infected 
occasionally with diphtheria bacilli, which produce small extertial ulcers, 
but this is an uncommon occurrence. 

Bacteria from External Sources. — ^When milk is collected under ordi- 
nary conditions, the udder bacteria form but an insignificant fraction of 
the total number of microorganisms in the milk. The skin of the cow, the 
hands of the milker, the vessels used for collection, and the dust of the cow 
barn all contribute their quota to the number of bacteria found immedia tely 
after milking. If milk is obtained with aseptic precautions, it contains only 
a few hundred (200 to 400) bacteria per cubic centimeter; collected with 
somewhat less care, it may contain a few thousand (2000 to 6000) ; with 
careless manipulation, even freshly drawn milk may be highly contami- 
nated (30,000 to 100,000 per cubic centimeter). If milk is kept at 0° C. 
(32° F.), it shows a decrease in the bacterial content during the first few 
hours, but at higher temperatures the rate of multiplication is high and, 
when richly seeded at the outset, enormous numbers of bacteria result. 

The non-pathogenic bacteria that are present in milk are often differenti- 
ated on a physiological basis into the following groups: 

^ For a discussion of streptococcus infections of the cow see Brooks: Jour, Amer. Vet. 
Med. Assn., 1939, 
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(1) the acid-forming bacteria, 

(2) the alkali-forming bacteria, 

(3) the proteolytic bacteria and 

(4) the inert bacteria. 

The first group includes the fermentative bacteria, and the most common 

type of fermentation is the lactic acid fermentation, the process by which 
milk usually sours under natural conditions. A variety of bacteria may be 
responsible, among them such familiar forms as Staphylococcus aureus, 
Streptococcus pyogenes and Bacterium coli. A few species, however, are com- 
monly active in the natural souring of milk, and these may be divided into 
two groups. One of these is comprised of the capsulated gas-forming bacilli 
of the Bacterium (Jactis) aerogenes type, which are closely related to Bact. 
coli, differing principally in their possession of capsules, lack of motility, 
and ability to produce gas from potato starch. The second type, a strep- 
tococcus, Streptococcus lacticus (or lactis), is abundant in naturally soured 
milk, particularly when the acidity is high. 

Lactic acid milks, regarded by some as having therapeutic value in the 
treatment of certain intestinal disorders, have been prepared by the inocu- 
lation oi Lactobacillus species such as acidophilus and hulgaricus. The lacto- 
bacilli, however, are commonly found in the fermentation of ensilage and 
are present in small numbers in the human mouth and intestinal tract and 
are not ordinarily responsible for the natural souring of milk. 

Although lactic acid is commonly the predominating acid in the fermen- 
tation of milk, the formation of butyric acid is observed occasionally. This 
is generally a consequence of the presence of the anaerobic butyric acid 
bacteria, but may be brought about through the agency of certain aerobes 
closely allied to Bacillus suhtilis. 

The spontaneous alcoholic fermentation of milk is less usual under nat- 
ural conditions than either the lactic or the butyric, and the preparation 
of certain alcoholic beverages is dependent upon the artificial production 
of this form of milk fermentation. Koumiss, a drink prepared by Tartars 
by the alcoholic fermentation of mare’s milk, and kefir, an effervescent 
sour milk prepared by inhabitants of the Caucasus from the milk of cows, 
goats and sheep, are both prepared by the inoculation of fresh milk with 
old koumiss in the first instance and with “kefir granules” in the second. 
The bacteriology of the koumiss fermentation is not well known, but in 
the case of kefir both a bacterium and a yeast appear to be involved. 
Some species of yeast, it may be noted, are able to effect the alcoholic 
fermentation of milk in pure culture. 

The alkali-forming bacteria are those organisms which do not ferment 
lactose but, presumably, act upon the nitrogenous substances present with 
the liberation of ammonia. When typhoid and paratyphoid bacilli, for ex- 
ample, are cultivated in litmus milk no effect is apparent beyond a slowly 
increasing alkalinity. Certain other bacteria, such as some of the aerobic 
spore-forming types, also produce lipase and decompose the fats present, 
converting the milk to a yellow, transparent fluid. 

The proteolytic bacteria also produce an alkaline reaction and, in addition, 
hydrolysis of the milk proteins. Two enzymes, or groups of enzymes, are 
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responsible; one, a rennin-like enzyme, precipitates the protein with the 
formation of a soft curd, and a second, casease, brings about hydrolysis of 
the protein which, when complete, results in the conversion of the milk to 
a clear fluid, a process sometimes termed peptonization. Peptonization, 
however, does not follow precipitation when the microorganism does not 
possess casease. The bacteria producing these changes include spore-form- 
ing aerobes such as Bacillus subtilis, certain strains of staphylococci, Proteus 
vulgaris and others. Proteolysis may occur in heated milk in which the 
non-spore-forming lactic fermenters have been destroyed, leaving the more 
resistant spore-forming proteolytic forms. 

The ''Diseases” of Milk. — A series of unusual or abnormal changes, some- 
times called “diseases” of milk, are produced by certain bacteria which 
occasionally find their way into milk. “Blue milk” {Bad. cyanogenes), “red 
milk” (Bad. prodigiosus, Bad. erythrogenes et al.) and “yellow milk” (Bad. 
synxanthus) are caused by the presence of various chromogenic bacteria. 
“Bitter milk,” characterized by a bitterness that sometimes develops after 
a short interval, is likewise due to the products of certain microorganisms. 
Milk sometimes sufiTers from a ropy or slimy fermentation which, under 
most circumstances, is regarded as undesirable, although such a fermen- 
tation is intentionally produced in the manufacture of Edam cheese in 
Holland through the action of a particular species of streptococcus. 

The inert bacteria are those which produce no visible change in milk. 
These include certain non-pigment-forming bacteria from water and other 
sources, and, in addition, most of the pathogenic bacteria that find their 
way into milk. Such dangerous Contamination, then, is inapparent without 
bacteriological examination. 

The Pathogenic Bacteria from External Sources. — The multiplicity 
of sources of contamination results in the heterogeneous bacterial flora that 
may be found in milk. It is important from the hygienic view that, in 
addition to microorganisms of soil and water, the bacteria carried by man 
have relatively ready access to milk. The opportunity for contamination 
with the bacteria of human disease is, then, ever present, not only when the 
milk is drawn but throughout its handling until it reaches the ultimate 
consumer. Contamination may take place directly, as in the case of scarlet 
fever and other streptococci or diphtheria bacilli from the throat and ty- 
phoid bacilli from the hands of infected individuals, or it may be indirect, 
as when the water used to wash the milk cans is contaminated with 
typhoid bacilli. In any case, the microorganisms do not simply survive, as 
in water, but actively multiply and may be present in huge numbers in 
pooled milk of which but a single part was originally contaminated. 

Cleanly, then, the most important factors which govern the number of 
bacteria which may be present in milk are, first, the kind and degree of 
irgtial contamination and, second, the temperature at which the milk is 
kept. The production of hygienically satisfactory milk, therefore, involves 
cleanliness in the first instance, and immediate cooling and storage at a low 
temperature in the second. Practical experience has more than adequately 
proved the isignificance of these points. 

The Bactericidal Property of Fresh Milk. — As indicated above, the 
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number of bacteria present in freshly drawn milk frequently shows an 
initial decrease. The extent of this diminution is, perhaps, exaggerated by 
plate counts; the various antibodies are present in the milk, not only the 
bactericidal substances but the agglutinins as well, which, by clumping 
the bacteria, may bring about decreased plate counts. That freshly drawn 
milk is both bactericidal and bacteriostatic, albeit to a mild degree, is, 
however, definitely established. This activity is thermolabile, being de- 
stroyed in fifteen minutes at 75° C. and in two minutes at 80° to 90° C., 
and disappears a few hours after the milk is drawn. 


MILK-BORNE EPIDEMICS OF DISEASE* 


Disease 

Outbreaks 


Cases 

Number 

Per Cent of Total 

Number 

Per Cent of Total 

T y phoid and paratyphoid 
fever 

76 

45.2 

1,209 

12.1 

Septic sore throat and 
scarlet fever 

57 

34.0 

6,812 

68.2 

“ Gastro-enteritis” 

24 

14.3 

1,423 

14.2 

Bacillary dysentery 

5 

3.0 

, , 

411 

4.1 

Diphtheria 

5 

3.0 

123 

1.2 

Poliomyelitis 

1 

0.6 

11 

0.1 

Totals 

168 

100.0 

9,989 

100.0 


* In New York State exclusive of New York City as reported by Dublin, Rogers, Per- 
kins and Graves: Amer. Jour. Pub. Health, 1943, 33:1S1. 


The Determination of the Quality of Milk. — By far the best index 
of the quality of milk is the number of bacteria it contains. The bacteria 
present are, in all cases, a result of contamination, and hence these micro- 
organisms are reliable indicatoi-s of cleanliness and care and are generally 
used for this purpose. 

Plate Counts . — The total bacterial count of a milk is, then, a reflection 
of its hygienic quality, and the plate count has been, and still is, widely 
used in the bacteriological grading of milk. Standardization of the media 
and of the technique is, of course, necessary for comparable results. A 
standard procedure has been developed imder the auspices of the American 
Public Health Association, whose publication^ may be consulted for the 
details. 

Standards of milk quality in terms of plate counts are in general use but 
vary from one locality to another. In some instances more than one grade 
of milk is allowable; for example, a “Grade A” milk may contain not more 

* Standard Methods for the Examination of Dairy Products. American Public Health 
Association. 8th ed., 1941. For a discussion of current practical application of these 
methods see Black: Pub. Health Rep., 1943, 5S:1605, 1641, 1681. 
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than 30,000 bacteria per cubic centimeter as delivered, and a “Grade B” 
milk not more than 100,000. There is a steady movement towarci more 
strict requirements, and the maximum number ol bacteria allowed is con- 
tinually reduced. More than one grade of milk is, however, undesirable in 
that the distribution of inferior milk is allowed, and, when possible, a single 
standard is preferable. In Chicago, for instance, there is but one grade of 
milk, and it must not contain more than 10,000 bacteria per cubic centi- 
meter as delivered to the consumer. 

Microscopic Counts. — Besides the ordinary macroscopic colony count 
obtained by plating, a microscopic method devised by Breed'*^ is of value 
for many purposes. In the Breed method milk is taken in a capillary pipette 
discharging 0.01 cc. and is dried over an area of one square centimeter on 
a glass slide. After washing out the fat with xylol and fixing with alcohol, 
the film is stained with methylene blue. The number of bacteria per square 
centimeter is estimated by counting a carefully measured area. The ratio 
used in comparing the microscopic count with the standard plate count is 
4:1, although it is recognized as inaccurate and variable. Tliis direct 
microscopic count does not involve incubation and has proved of special 
value in judging the quality of fresh milk as delivered to milk-re(‘-eiving 
stations. 

Methylene Blue Reduction.— ~li a small amount of methylene blue is adde^l 
to milk and the mixture incubated, the dye will, in time, be reduced lo the 
colorless leuco base. Although freshly drawn milk has some small power to 
reduce this and other dyes, the reduction is, for all practical purposes, a 
consequence of the metabolic activities of contained bacteria. There is, 
then, a direct relation between the length of time required for reduction 
and the number of bacteria present, and the measurement, of this rcduclJon 
time provides a useful approximation of the quality of a milk. The method 
is best adapted to raw milk and has the great advantage that no special 
apparatus or training of the operator is required. Although milk cannot be 
graded with any degree of precision in this way, it is generally agreed that 
a milk decolorizing in less than two hours is poor in quality, while that 
which does not decolorize in eight hours is excellent. Resazurin has been 
used to some extent in the place of methylene blue. 

Bacterium Coli Count. — It might be assumed that since BacL coli may l)e 
used as an index of the sanitary quality of water, it could occupy a similar 
position with regard to milk. It will be recalled, however, that water con- 
tamination of sanitary significance is fecal, whereas this is not the case 
with milk ; Bact. coli, for example, would not be associated with the pres- 
ence of the diphtheria bacillus in milk. Furthermore, since the great ma- 
jority of market milks contain cow feces, the estimates varying from 60 to 
100 per cent, BacL coli in milk is probably most often of bovine origin. 
Although the coli count has been used widely in the past, the differenti- 
ation of these microorganisms is not worth while except under special 
circumstances that warrant it. 

The Isolation of Pathogenic Bacteria. — In contrast to water, the isolation 
of pathogenic bacteria from milk is not only a practical but often a desir- 
3 Breed: N. Y. State Agr. Exp. Sta. Bull. No. 443, 1917. 
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able procedure. The presence of tubercle bacilli, for example, can be con- 
clusively shown only through the isolation of these microorganisms, in this 
instance usually by guinea-pig inoculation. Other pathogens, such as hemo- 
lytic streptococci, Brucella, etc., may be isolated by culture. The isolation 
of these bacteria is not, of course, a routine procedure but is frequently 
carried out when an outbreak of disease is suspected of being milk-borne. 
The details of the methods employed may be found elsewhere.^ 

Cell Count and Sediment Test — The number of leucocytes present in a 
sample of milk and the amount of contained dirt that can be strained out 
through a standard cotton disc are frequently of value in the assay of milk 
quality. Excessive numbers of leucocytes are present in the milk from in- 
fected udders, and when their presence is noted in Breed smears, mastitis 
is suggested. The amount of sediment that a sample of milk contains is, 
of course, an index of the extent to which it has been contaminated and is 
often, though not necessarily always, correlated with the bacterial count. 

The Hygienic Control of Milk. — The sanitary quality of milk may be 
controlled in one or both of two ways: in the first instance, by preventing 
to a considerable degree the contamination of milk and the multiplication 
of contained bacteria; and, in the second, by destruction of bacteria, the 
pathogenic forms in particular, already present in the milk. 

Inspection , — The periodic inspection of dairy farms is carried out by the 
local board of health in many places, and, although it does not insure the 
absence of pathogenic bacteria from milk, it is effective in increasing 
cleanliness and reducing the numbers of bacteria. A score card is frequently 
used, and a given dairy farm is rated according to a system of points. 

Certified Milk . — One of the earliest attempts to avoid the dangers of 
milk-borne infection was the elaboration of methods designed to safeguard 
milk at every step in its production, collection and distribution. To this 
end “Medical Milk Commissions” were established in a number of localities 
in the United States, usually under the auspices of the local medical 
society. Milk conforming to certain standards is certified by such a com- 
mission to be of high quality. The regulations, which are generally excellent, 
deal with such matters as the cleanliness of barnyard and dairy; the purity 
of the farm water supply; the proper sterilization of utensils; and the health 
of the cows and of the milkers. The bacterial content is limited to 10,000 
per cubic centimeter and the milk must be delivered within thirty-six 
hours. 

Certified milk is undoubtedly safer to use than milk collected and trans- 
ported without suitable supervision, and the work of the milk commissions 
has done much to improve dairy conditions in many parts of the country. 
At the same time, raw milk, certified or not, can never be regarded as pro- 
tected against all chances of contamination; the difficulty — not to say 
impossibility — of making sure that no typhoid carriers and no persons suf- 
fering from a mild case of diphtheria or scarlet fever are ever employed in 
a dairy is, of course, self-evident. Outbreaks of diphtheria, paratyphoid 
fever and other diseases have, in fact, been traced to certified milk. For 
this reason, as well as because of the relatively high cost of production, the 
use of certified milk remains limited. 
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Pasteurization. — The process of destroying pathogenic bacteria in milk 
is by far the most satisfactory method of controlling milk-borne infection. 
The use of a temperature high enough to kill most microorganisms but not 
so high as to produce radical alterations in the substance heated was fn-sl 
applied by Pasteur to preserving wines without destroying their original 
flavor or bouquet. Although still widely used in connection with bottled 
beer and wines, the process of pasteurization is now used chiefly for the 
treatment of milk. 

The temperature to which milk is raised and the time for which it is 
held there are, of course, dictated by the heat resistance of the bacterium 
to be killed. From the beginning attention has been directed primarily 
toward the tubercle bacillus, and it has been found that this bacit.crium is 
killed by exposure to a temperature of 140® F. for twent y minutes. In prac- 
tice, then, a temperature of 142® to 145° F. for a period of thirty minutes 
provides an adequate margin of safety, and these are the r equii (‘men( s that 
are usually specified.^ It should be noted that the technical aspects of such 
treatment of milk on a large scale are of prime imj>ortance, taking the form 
of prevention of foaming, proper design of valves to prevent “cool pockets” 
and dead ends, and the like. It might be supposed that a higher tempera- 
ture or longer holding time resulting in a greater margin of safely would be 
desirable; this is, however, not the case, for if either the time oi’ lh(i tcun- 
perature is increased alterations take place in the physical states of the 
milk in which the fat is dispersed into smaller globules and will not. rise to 
the top on standing. Such a disturbance of the “cream line” is, of course, 
of esthetic rather than sanitary significance. 

Considerably higher temperatures and a shorter holding time have been 
and still are used to a limited extent. In the so-called “flash” proc^ess the 
temperature is raised to 160° F. and maintained for fifteen seconds, then 
the milk is immediately chilled, as it is in the “holding” process discussed 
above. Both time and temperature are difficult to control accurately in the 
flash process, and this fact, together with the “cooked” taste imparted to 
the milk, has severely limited the use of this method. 

The plate count of milk is tremendously reduced by pasteurization, for 
not only are the pathogenic bacteria, such as the tubercle bacillus, Brucella 
abortus, streptococci and the like, destroyed, but the majority of other 
bacteria present as vegetative cells are killed also. The efficieiu'.y of the 
process may, then, be measured in terms of bacterial destruction and, in 
the last analysis, must be measured this way. Very recently, however, a 
test has been devised which apparently gives an accurate measur e of the 
efficiency of pasteurization as carried out in practice. The phosphatase test 
is based upon the presence of the heat-sensitive enzyme phosphatase in 
milk. Since 96 per cent of the enyzme is destroyed by heating to 143° F. 
for thirty minutes, the amount remaining in a pasteurized milk may be 
used as an indicator of the pasteurization as carried out. The enzyme liber- 
ates phenol from phosphoric-phenyl esters and, as originally proposed, the 
test consisted of the addition of disodium phenol phosphate and Folin’s 
reagent, incubating eighteen to twenty-four hours, and reading the blue 

* Amer. Jour. Hyg., 1927, 7:147. 
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color developed. A variety of modifications have, however, been proposed, 
and as yet the test has not been standardized,^ though it has become in- 
creasingly widely used.® 

Not all bacteria are killed by pasteurization. Besides the resistant spore 
formers, aerobic and anaerobic, certain streptococci are able to simvive the 
pasteurizing temperature. These are the lactic acid formers rather than the 
pathogenic forms, and pasteurized milk sours in the ordinary way on stand- 
ing, though a longer period of time is required — i.e., its keeping qualities 
are improved. If higher temperatures are used, 180® F., the lactic acid 
bacteria are killed and proteolysis occurs as the milk spoils. Thermophilic 
bacteria are frequently present in pasteurized milk in great numbers, for 
the temperature of pasteurization is an incubation temperature for these 
microorganisms. The slight acid metallic taste occasionally noticeable in 
pasteurized milk is often attributable to their biochemical activity. 

It must be emphasized that the process of pasteurization, while effective 
in destroying pathogenic bacteria present in milk and, incidentally, in- 
creasing its keeping qualities, is not to be regarded as an excuse for the 
marketing of dirty and highly contaminated milk. There is some evidence, 
for example, that the growth of enormous numbers of bacteria, albeit non- 
pathogens in the usual sense, is associated with summer diarrhea of infants. 
In most cases, therefore, sanitary regulations specify not only the allowable 
number of bacteria in pasteurized milk as delivered but also an upper limit 
for raw milk which is to be pasteurized. 

The Regulation of Milk Quality. — The application of appropriate 
methods of rendering and keeping milk satisfactory from the hygienic point 
of view is, essentially, a social and legal problem rather than a scientific 
one. To this end appropriate ordinances are more and more generally in- 
corporated into the legal structure of the community, and these, when 
adequately enforced, produce a marked reduction in milk-borne disease. 
A standard form of ordinance developed by the United States Public 
Health Service^ had in 1938 been adopted by more than 800 American 
cities. In any case, the grading and pasteurizing of milk has become general 
in the United States. A recent survey^ has shown that about half the cities 
of over 1000 population grade milk and permit the sale of one grade of raw 
milk and one grade of pasteurized milk; of the total volume of market 
milk about 74 per cent is pasteurized, 99.4 per cent is from tuberculin- 
tested herds, and 35 per cent from abortion-tested herds. In general, sani- 
tary regulations are somewhat more strict and more rigorously enforced 
in the large cities. In Chicago, for example, all milk is pasteurized, in- 
cluding certified milk, and this regulation is rigidly enforced. 

Such practice has resulted in marked reductions in the number of bac- 
teria in market milk. In 1901 the bacterial content of market milk in New 
York City varied from 300,000 in the coldest weather to 5,000,000 during 

^ For discussion and references see the appendix of Standard Methods for the Exam^ 
ination of Dairy Products, loc. cit. 

® Burgwald: Jour. Dadry Sci., 1942, 25:285. 

’’ Pub. Health Repts., 1926, 4i:1604. 

* Fuchs and Frank: Puh. Health Bull. No. 245, 1938; also "Pub. Health Repts., 1942, 
57:228. 
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the summer months; in Chicago (1904) the counts ranged from 10,000 to 
74,000,000, and in Boston (1892) averaged 4,500,000. The incidence of 
milk-horne disease has correspondingly decreased; for example, in 1907- 
1915 there were in Massachusetts 2215 cases of typhoid fever which were 
traced to milk, but in 1919-23 only 297. 

Milk Products. — Various foods made from milk, such as ice cream, 
butter, cheese and the like, are potential vectors of disease when made from 
milk contaminated with pathogenic bacteria. The bacteria tend to die out 
upon storage, of course, although it has been found that the typhoid bacillus 
will survive for three months or more in butter,® and tubercle bacilli have 
been found in butter and certain quick-ripening varieties of cheese. Ice 
cream may serve as a vector for typhoid fever, scarlet fever and the like. 
Pasteurization of the mix is customary and generally at higher tempera- 
tures than those used for milk. Human infections with foot-and-mouth 
disease have been traced to contaminated butter and cheese, bu t t he public 
health significance of these findings is problematical. 

FOOD POISONING AND FOOD-BORNE INFECTIONio 

The diseases transmitted by milk and milk products may be disseminated 
by a variety of other foods; in addition to these, however, other types of 
illness may result from the ingestion of contaminated foods winch make 
up that group of affections designated as food poisoning. The kinds of 
illness that may result from the ingestion of food may be summarized 
briefly : 

(1) individual idiosyncrasies; 

(2) toxemia from foods, such as 

(a) foods naturally poisonous, 

(b) foods into which poisons have been acciden tally introduced and 

(c) foods containing poisons of bacterial origin formed by 

1. Clostridium botulinum and 

2. staphylococci; 

(3) food-borne infection, including both 

(a) bacterial infections, such as 

1. typhoid fever, dysentery, cholera et al and 

2. Salmonella infection, and 

(b) parasitic infections. 

It will be clear that in some instances food serves simply as a vector in the 
transmission of diseases such as the protozoan infections and the enteric 
diseases. In the remainder, however, the clinical manifestations are those 
associated with food poisoning proper — vomiting, diarrhea, enteritis and a 
greater or lesser degree of prostration. Although a number of types of food 
poisoning given above are not bacterial in origin, their clinical symptoms 
frequently are those of bacterial food poisoning, and these must be con- 
sidered in any attempt to ascertain the etiology of a given outbreak, even 
® Berry: Jour. Prev. Med., 1927, 1:429. 

Jordan: Food Poisoning and Food-Borne Infection. University of Chicago Press. 
Chicago. 2nd ed., 1931. Dack: Food Poisoning, University of Chicago Press. Chicago. 
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though food poisoning is, in a majority of instances, a consequence of bac- 
terial activity. Hypersensitivity (p. 301) to a given food substance, for 
example, is frequently manifested as vomiting, and an outbreak confined 
to a family may be the result of familial tendency; similarly, the gastro- 
intestinal disturbances following the ingestion of naturally poisonous foods 
such as toadstools, or foods contaminated with poisons such as arsenic or 
cyanide, are often indistinguishable from those induced by some poisons of 
bacterial origin. 

Food Poisons of Bacterial Origin. — Often popularly termed “pto- 
maine posioning,” poisoning with food containing toxic substances of bac- 
terial origin is very common, probably more so than is generally recognized. 
The term “ptomaine poisoning” is a misnomer that is both misleading and 
inaccurate. The organic bases such as putrescine, cadaverine, methylamine 
and the like, which have been called ptomaines and which result from the 
bacterial decomposition of protein, are not toxic when given by mouth. 
Neither are other decomposition products toxic per os. While a partially 
decomposed food may be esthetically unattractive, the innocuous nature 
of the products of decomposition is obvious when one considers the ad- 
vanced state of decomposition reached by some cheeses. Toxicity is, on 
the contrary, attributable to the presence of substances synthesized by the 
bacteria whose presence may or may not be associated with obvious evi- 
dence of decomposition of the food substance. 

Botulism , — Of the toxic substances formed by bacteria in food the most 
powerful is the toxin of Clostridium hotulinum (p. 536). In the United States 
canned foods provide the anaerobic conditions necessary for the germina- 
tion of botulinus spores which have survived processing, while in Europe 
meat products, particularly the larger sausages, have been more frequently 
involved. The microorganism never infects man under natural conditions, 
and the disease is an intoxication resulting from the ingestion of preformed 
toxin present in the food substance. The disease is not of great public 
health importance — about 2000 cases have been reported in all — and the 
outbreaks are generally limited in scope, often being confined to a family 
circle of a few individuals. The case fatality is high, however, probably 60 
to 80 per cent, and when outbreaks do occur they attract considerable 
attention. This type of food poisoning differs from the others in that the 
symptoms are not necessarily gastro-intestinal ; the toxin acts upon the 
peripheral nerves and the symptoms are those resulting from such damage. 
The use of botulinum antitoxin is discussed elsewhere. 

Since both anaerobic conditions and a period of incubation are required 
for the growth of Cl, hotulinum and the formation of toxin, fresh foods are 
not involved in this type of food poisoning. The toxin is destroyed by heat, 
hence freshly cooked foods do not contain it. Canned foods and certain 
meat products which axe consumed either cold or after simply warming 
may contain botulinum toxin if the spores of this bacterium were originally 
present and not destroyed. Commercial processing as now employed in this 
country is adequate to destroy botulinum spores, and at the present time 
outbreaks of botulism are frequently attributable to the consumption of 
home canned, insufficiently heated foods. The presence of toxin is not 
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necessarily associated with obvious signs of spoilage, though it is probable 
that toxin- containing foods are never entirely normal in appearance, odor 
and the like. 

Staphylococcus Food Poisoning. — The marked gastro-intestinal disturb- 
ances characteristic of food poisoning are not infrequently associated with 
the consumption of foods containing starch thickening, such as eclairs, 
cream puffs, certain types of cake fillings and salad dressings, and the like. 
Upon bacteriological examination, the incriminated food generally is lound 
to contain enormous numbers of bacteria, sometimes staphylococci, other 
times bacteria of the colon-aerogenes group, streptococci, Proteus and 
similar microorganisms. 

The causal relation of staphylococci, generally, though not necessarily, 
hemolytic strains of the Staphylococcus aureus group, to food poisoning was 
suggested in 1914^^ and in recent years this relationship has been definitely 
established.^^ These bacteria produce a soluble toxic substance, or eniero- 
toxin, which gives rise to typical food poisoning symptoms in man and 
rhesus monkeys upon feeding and in kittens upon injection. There is con- 
siderable doubt as to the specificity of the kitteii test, however, for it has 
been shown that the staphylolysins will cause vomiting on injection into 
these animals.^ ^ The incubation period in man is short — two to six hours — 
and the case fatality nil, with complete recovery in twenty-four to forty- 
eight hours. The nature of the enterotoxic substance is unknown, although 
its formation by staphylococci appears to be favored by the prcseiu^e of 
starch. A period of incubation is necessary for its elaboration by the bac- 
teria, and in outbreaks of this type of food poisoning it is always found that 
a period of time, generally not less than eight hours, has elapsed between 
the preparation and the consumption of the food. This type of food poi- 
soning is quite common and a number of well authenticated on tbreaks have 
been reported. 

Whether or not bacteria other than the staphylococci form similar entcr- 
otoxic substances is open to question. The fact that the same incubation 
period and clinical symptoms are observed when epidemiological evidence 
incriminates the other bacteria noted above suggests that entero toxin may 
be formed by them. Streptococci are occasionally incriminated in food 
poisoning outbreaks with evidence of enterotoXin formation,’® and Bac- 
terium aerogenes, Proteus and similar organisms have been found under 
much the same circumstances. There is some experimental evidence^® indi- 
cating that the ability to form substances irritating to the human alimen- 
tary tract may be one that is possessed by a variety of bacteria, but as yet 
this is not definitely established. 

Food-Borne Bacterial Infections* — The food-borne bacterial infec- 
tions are of two general types. The one consists of those diseases which are 

Barber: Philippine Jour. Sci., 1914, 9:515. 

i2Dack, Cary, Woolpert and Wiggers: Jour. Prev. Med., 1930, 4:167; Jordan: Jour. 
Amer. Med. Assn., 1930, 94:1648. 

Fulton: Brit. Jour. Exp. Path., 1943, 24:65. 

Cf. Jordan and Burrows: Amer. Jour. Hyg., 1934, 29:604. 

^ Foley, Wheeler and Getting: Amer. Jour. Hyg., 1943, J5:250. 

Jordan and Burrows: Jour. Inf. Dis„ 1935, 57:121. 
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transmitted by a variety of vectors of which food is but one and whose 
clinical symptoms are not those usually associated with food poisoning. 
Such, for example, are typhoid and paratyphoid fevers, dysentery, cholera 
and other enteric infections. The second type of infection is that with bac- 
teria of the Salmonella group, in which the incubation period is short, the 
gastro-intestinal disturbance is of short duration, a day or two, and the 
symptoms are typical of food poisoning. There is some crossing between the 
two types, for paratyphoid B bacilli (Salmonella paratyphi B) may produce 
either the typical food poisoning response or paratyphoid fever. 

Food-borne typhoid, dysentery and other diseases of the first group 
ordinarily occur on a small scale; the great epidemics are water-borne and, 
to a lesser extent, milk-borne. Although limited in scope, food-borne infec- 
tion plays an important part in maintaining some of these diseases in 
endemic form. The so-called “residual typhoid,” for example, which re- 
mains in spite of hygienic control of water and milk supplies is, in large 
part, food-borne. The employment of cooks and other food handlers who 
are typhoid carriers provides the opportunity for food infection and conse- 
quent transmission of the disease. Mary Mallon — “Typhoid Mary” — was 
one of the most notorious examples of a cook who was a typhoid carrier. 

Of the Salmonella infections, one of three species is generally involved, 
Salmonella typhi-murium (S. aertrycke) and its varieties (Newport, Stanley, 
etc.), Salmonella enteritidis sjid Salmonella cholerae-suis (including Voldag- 
sen and paratyphi C). S. typhi-murium is the most frequently observed, 
while S. cholerae-suis is only rarely present. The ingestion of food con- 
taining large numbers of these organisms frequently results in the typical 
symptoms of food poisoning. No enterotoxic substance has been shown to 
be formed by these bacteria, and it is probable that actual infection takes 
place as indicated by the somewhat longer incubation period and the find- 
ing of the bacteria in the feces. The case fatality is variable, ranging from 
zero to 10 per cent. Almost any kind of food may serve to carry these 
microorganisms, although meats and other protein foods predominate. 
This type of food poisoning is not common.^ ^ 

Both S. typhi-murium and aS. enteritidis are commonly carried by rats and 
mice, and it is probable that in many cases these rodents are responsible 
for the infection of food. In others the source of infection may be a human 
carrier, and in many cases of meat poisoning it has been found that the 
meat was from a diseased animal. 

The food-borne parasitic infections include the various flukes, tape- 
worms, echinococcus and round worms that infect man. In these diseases 
the infective stage of the parasite is often present in a food substance as 
a consequence of its life cycle and the mechanisms involved may be found 
elsewhere. (See Chapter 34.) 

Savage and White: Food Poisoning: a Study of iOO Recent Outbreaks. Medical Re- 
search Council Special Report Series No. 92, 1925. 



CHAPTER 12 


IMMUNITY— ANTIGENS, ANTIBODIES AND THE ANTIGEN- 
ANTIBODY REACTION' 

It has been common knowledge for many years that recovery (rorn 
certain of the infectious diseases is accompanied by the development of an 
enhanced resistance, and second attacks of a disease once overcome are 
not common. This enhanced resistance, or immunity, is specific, i.e,, an 
individual immune to one disease may be no more than ordinarily resistant 
to others, and is variable from one disease to another, some giving rise to a 
“solid’ ’ immunity of long duration while in others the immunity is imperfect 
or partial and transient. The specific immune state supplement's the com- 
plex of factors which make up non-specific resistance to infection, and in 
some instances even a solid immunity may be broken down by fatigue, 
malnutrition and similar factors which are not consistent with a state of 
physiological well-being. Immunity arises as a consequence of the reaction 
of the host to intimate contact with the parasite, or its products, within 
the tissues, and constitutes a last line of defense whose presexice frequently 
prevents infection and whose development during an attack of disease 
determines the outcome. The reaction of the host to the invading micro- 
organism has been studied intensively since the early days of bacteriology, 
and the body of knowledge so accumulated makes up the extraordinarily 
complex science of immunology. These studies have not only led to some 
degree of understanding of the phenomenon of specific resistance to infec- 
tion but in addition have provided biology with a new method whose general 
application has been, thus far, limited. 

ANTIGENS 

An antigen is ordinarily but unsatisfactorily defined as any substance 
whose introduction into the tissues of an animal results in the appearance, 
after a suitable length of time, of antibodies in the blood serum and other 
body fluids. With certain exceptions, the reaction is specific in that each 
antigen stimulates the formation of antibody for itself and no other anti- 

1 Much of the earlier work on immunity and related problems will be found in the fol- 
lowing volumes: EhrBch: Gesammelte Arheiten zur Immunitaisforschung. Berlin. 1904; 
Metchnikoff: Legons sur V Inflammation. Paris. 1892; idem., U Immunity dans les Maladies 
Infectieuses. Paris. 1901; Bordet: Ulmmunite. Paris. 1920. The following modern treatises 
are of particular value: Zinsser, Enders and Fothergill: Immunity. Principles and Appli- 
cation in Medicine and Public Health. The Macmillan Company. New York, ,5th od., 
1939; Wells: Chemical Aspects of Immunity. Chemical Catalog Go. New York. 2nd ed., 
1929; Topley: An Outline of Immunity. William Wood & Company. Baltimore. 1933; 
Medical Research Council (Great Britain): A System of Bacteriology. Vol. 6; Marrack: 
The Chemistry of Antigens and Antibodies, Medical Research Council, Special Report 
Series No. 230, 1939. Boyd: Fundamentals of Immunology, Interscience Publishers. 
New York. 1943. 
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Iso-antigens 

gen, and it takes place only when the antigen is Oi foreign substance to the 
animal into which it is injected. This characterization is, of course, one that 
is based on what antigens do rather than what they are, for knowledge of 
the nature of these substances is as yet too fragmentary to permit a general 
definition in terms of composition and configuration of the chemical 
compounds which exhibit the property of antigenicity. 

In general, antigenic substances are proteins, and probably all naturally 
occurring proteins soluble in the body fluids and containing a full comple- 
ment of amino acids (the so-called complete proteins) may function as 
antigens. According to Wells^ the presence of aromatic radicals is associ- 
ated with antigenicity; proteins deficient in aliphatic amino acids but con- 
taining aromatic amino acids, such as zein, gliadin, egg albumin and casein, 
are antigenic, while gelatin and protamines which are deficient in aromatic 
radicals are not antigenic. The property of antigenicity is not destroyed by 
heating except as the protein is rendered insoluble by coagulation (speci- 
ficity is somewhat altered), but it is lost upon hydrolysis, probably at a 
very early stage, although the precise point at which antigenicity disap- 
pears during hydrolytic cleavage of the molecule is not known. Antigen- 
icity, then, appears to be a property of the intact, or nearly intact, protein 
molecule, and there is reason to believe that one prerequisite of antigenicity 
is a large molecule which may exist in colloidal solution. 

Iso-antigens. — It is not strictly true that antibody response is induced 
only by antigens foreign to the inoculated animal unless the term foreign 
is taken to mean not present in the circulation of that animal. It was early 
observed by Hektoen^ that thyroglobulin would act as an antigen in the 
same species of animal from which the tissue was taken, and since then it 
has been found that lactating goats will produce antibody to their own 
casein and that lens protein is antigenic even in the same individual animal. 
It is definitely established, therefore, that an animal will produce antibody 
against certain antigens occurring in its own tissues. Such antigens are 
designated iso-antigens and their corresponding antibodies iso- antibodies. 
The organ specificity of certain types of antigens (see below) is probably 
a related phenomenon. In general, iso-antibody titers are low. 

The Human Blood Groups . — It was discovered by Landsteiner^ that 
human blood could be divided into four immunological groups which repre- 
sent the four possible combinations of two antigens present in the eryth- 
rocyte. The serum contains antibody (agglutinin) for the absent antigens; 
antigen and corresponding antibody do not coexist in the sarne blood. 
There are three systems of nomenclature for these groups (see table) of 
which the International is by far the most widely used. Additional immuno- 
logical factors are also known to be present and are responsible for a part 
of the observed transfusion incompatibilities; these can be avoided if donor 
and recipient blood are tested against one another as well as typed. These 
blood groups are inherited by Mendelian law and for this reason are of 

2 Wells: The Chemical Aspects of Immunity. Chemical Catalog Go. New York. 2nd 
ed.. 1929. 

® C/. Lewis: Jour. Inf. Dis., 1934, 55;168. 

“ Landsteiner: Wien. KUn. Wchschr., 1901, f4;1132. 
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considerable interest in connection with the question of normal antibodies 
(p. 296) as well as having some forensic utility in cases of disputed paternity, 
etc. 

The Specificity of Antigens. — Closely associated with the nature of 
antigens is the specificity of the immunological reactions. Not only does a 
given antigen stimulate the formation of a specific antibody but it will 
react, either in vivo or in vitro ^ only with its own antibody or antibodies to 
closely related antigens. For example, the serum proteins of the higher 
animals, while highly specific for species, show cross reactions willi the 
antibodies to the serum proteins of closely related species; human blood 
serum shows no immunological relationship to horse or rabbit serum but 
reacts to some degree with antisera prepared against the serum proteins of 
anthropoid apes and certain monkeys.^ Immunological differences between 
individuals of a single species are, of course, found in the human blood 
groups. The inheritance of blood groups and the correspondence of immuno- 
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logical relationships of species with generally accepted zoological classifica- 
tions are indicative of the fundamental significance of antigenic specificity.® 
It should be noted, however, that, although the great majority of anti- 
genic substances are species specific, certain antigens are found to occur in 
distantly related organisms. Of these the more important axe lens protein 
(actually two proteins, a and jS crystallin), which is common to a wide 
variety of animals, and an antigen known as Forssman antigen, heterophile 
antigen or, less frequently, heterogenetic antigen. Heterophile antigen has 
been found in the organs of the guinea pig, horse, cat, dog, mouse, chicken, 
turtle and several species of fish, in some bacteria, such as certain of the 
p^atyphoid and dysentery bacilli and pneumococci, and in some varieties 
of maize. It is not present in the erythrocytes of any of these animals but 
is present in the red cells of the sheep, whose organs do not contain it. It 
is not found in other organisms such as the pig, ox, rabbit, goose, frog, eel, 

«Sucli immunological relationships are discussed at length hy Nuttall: Blood Im- 
munity and Blood Relationship. Cambridge. 1904. 

® See the review by Boyden: Physiol. ZooL, 1942, f 5:109. 

^ Hyde, Chapman and Kiesling: Amer. Jour. Hyg., 1934. 29:465. 
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man, pigeon and rat. This peculiar distribution among species has not been 
explained. 

Still other antigens which are common to, or closely related in, widely 
different species are those which confer organ specificity. Possibly the 
immunologically related caseins may be considered in this category but, 
further, antigens present in a given organ such as kidney are similar to 
those in the same organ of a different species. These have been studied in 
some detail by Witebsky.^ The so-called heavy proteins, isolated from disin- 
tegrated normal tissue by ultracentrifugation and thought by some to repre- 
sent mitochondria, have been of interest in connection with the isolation of 
similar material from virus-infected tissues which is believed to represent 
the infectious agent. Immunological studies on these substances by Furth 
and Kabat® and by Henle, Chambers and Groupe,^*^ have indicated that 
heavy proteins from various organs show three kinds of immunological 
specificity, namely, species specificity or immunological relation to other 
organs of the same animal, organ specificity, or immunological relation to 
the same organ of other species, and, finally, specificity for the organ of 
the one species. Similarly, Bailey and his co-workers’^ have reported finding 
organ specificity in nutrient media which was derived from the tissues 
used for the preparation of the infusion. It has been reported by some that 
organ-specific antisera are specifically toxic for that organ, i.e., nephro- 
toxic, etc., but the evidence is not altogether unequivocal. 

A number of antigens are common to different species of bacteria or to 
bacteria and certain other organisms and will he discussed in the following 
chapter in connection with natural immunity. 

The Chemical Basis of Specificity — A large body of sound experi- 
mental evidence has established the fact that the specificity of antigens is 
determined by their chemical composition. Early experimental investiga- 
tion of a wide variety of antigenic proteins has shown that immunologically 
identical proteins are, so far as can be determined, identical in composition; 
that antigenic proteins differing from one another in composition are also 
immunologically distinct; and that antigens showing some degree of cross 
reaction are closely related in chemical structure. Conclusive evidence that 
immunological specificity is a property of certain atomic and molecular 
arrangements has, however, been obtained through the study of altered 
specificity and artificial antigens. 

The specificity of an antigenic protein may be altered by heating, partial 
denaturation, treatment with formaldehyde, etc., in such a way that part 
of the original specificity is lost but species specificity remains although 
somewhat broadened. Heated rabbit serum, for instance, behaves as a 
foreign protein in the rabbit, and the antibodies produced will not react 
with unheated rabbit serum. Retention of species specificity is indicated 

^ Witebsky: Ztschr. f. Immunitatsforsch, 1929, (52:3. 

® Furth and Kabat: Jour. Exp. Med,, 1941, 74:247. 

Henle, Chambers and Groupe: Jour. Exp. Med., 1941, 74:495. 

Bailey and Gardner: Jour. Immunol., 1940, 59:543; Bailey and Raff el: Amer. Jour. 
Hyg-, 1941, Sec. B, 55:86; ibid., 1941, Sec. B, 54:8; Jour. Exp. Med., 1941, 75:617. 

This subject is discussed in detail by WeHs {loc. cit.) and by Landsteiner: The 
Specificity of Serological Reactions. Charles C Thomas. Springfield, 111. 1936. 
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by the fact that antibodies to the heated serum react with the homologous 
antigen and to only a slight degree with heated sera from other animals. 
Such heated proteins are known as coctoproteins. Treatment of a protein 
with iodine, nitric acid or nitrous acid (the last to give the intermediate 
diazo compounds), on the other hand, alters the specificity of the antigen 
so profoundly that species specificity is largely destroyed. Nitrated rabbit 
serum, for example, acts as a foreign protein to the rabbit, and the anti- 
bodies developed will react not only with the homologous antigen but with 
nitrated protein derived from other animal species or even from plants. 
The general question of loss of species specificity by treatment of this 
kind has been reviewed by Henry. Since iodine, nitrate and similar sub- 
stances react with the protein by substitution in the benzene rings of the 
aromatic amino acids, Pick^^ has interpreted these findings as indicating 
that species specificity is associated with the aromatic radicals and their 
arrangement within the protein molecule, a conclusion which, as will 
appear, is no longer justified. 

Largely through the work of Landsteiner and his colleagues’ ^ in the 
preparation and study of a large series of artificial antigens, some ast^ccls 
of the phenomenon of immunological specificity are now relatively well 
understood. It has been found that the species specificity of antigens may 
be altered in ways other than attacking the aromatic radicals; acetylation 
with acetic anhydride, esterification with ethyl alcohol and methylation 
with diazomethane, all changes in the salt-forming groups of the protein 
molecule, result in a change in specificity similar to that obtained by 
treatment with iodine or nitric acid. It is of particular interest that such a 
marked effect on specificity may be produced by the addition of the small 
acetyl, ethyl or methyl groups to the large protein molecule. Even phos- 
phorylation has been found’® to alter the immunological properties of egg 
albumin. 

The influence of the addition of relatively simple organic radicals on the 
immunological specificity of antigenic proteins has been further elucidated 
through the study of the immunologic behavior of a variety of compounds 
prepared from protein and the diazonium derivatives of a number of me- 
thyl, chlor, brom and nitro substitution products of aniline and o-, m- and 
p-aminobenzenesulfonic acid as well as the parent compounds, and others 
such as p-aminophenylarsenic acid, o-, m- and p-aminocirmamic acid, etc. 
From these and other experiments it is apparent that the immunological 
behavior of antigens is specifically modified by a relatively small part of the 
large protein molecule, and the specificity of the antigen is determined by 
the chemical structure of this part, cross reactions occurring between antigens 
whose determinant portions are closely related aromatic groups. The spatial 
arrangement in the determinative groups, as well as their nature, is re- 
flected in immunological behavior; the position, ortho, meta, or para, of 
substituted acid groups in the aromatic radical produces differences in 
specificity, the stereoisomers of tartaric acid and p-aminobenzoylpheriyl- 

^ Henry: Jour, Exp. Med., 1942, 7^-'451. 

^^Pick: Kolle und Wassermann, Handbuch d. path, Mikroorganismen, 1912, i:685. 

Heidelberger, Davis and TrefFers: Jour. Amer. Chem. Soc., 1941, 63:4i9S. 
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acetic acid yield immunologically distinct antigens when coupled with 
protein, and the position of amino acids in peptide-azoproteins is a factor 
in determining immunological specificity. If it be assumed that the amino 
acids comprising the peptide chains of the protein molecule are arranged 
in regular and recurring order and proportion and, consistent with present 
theory of protein structure, that these chains are folded, then it is apparent 
that the recurring combinations of amino acids in the folded chains will 
result in “nodes” of molecular structure. It is supposed that this type of 
molecular structure confers immunological specificity on the protein 
molecule that is not combined with some other type of structure. 

Haptenes. — The relatively simple substances which, when linked to 
antigenic protein, determine the immunological specificity of the complex, 
have been termed haptenes by Landsteiner. They are also known as partial 
antigens since, although in the absence of a protein carrier they will not 
stimulate the formation of antibody, they will react with antibody pro- 
duced by the haptene-protein complex and, therefore, act as “antigens” 
in the test tube. 

The importance of haptene-determined specificity to the understanding 
of the immunology of bacteria and the infectious diseases is very great 
indeed, for it has become increasingly apparent that much of the antigenic 
material present in the bacterial cell is in the form of haptene-protein com- 
plexes. It was found by Zinsser and Parker^® in 1923 that certain materials 
found in bacteria and presumably nonprotein in nature, although not 
capable of stimulating the formation of antibodies, would react with anti- 
sera in vitro, and these they designated as residue antigens. Similar sub- 
stances have since been found by other wprkers in a wide variety of bacteria, 
and investigation has indicated that in many instances these substances 
function as haptenes, lending immunological specificity to the micro- 
organisms containing them. 

Polysaccharides. — Of the residue antigens those of the pneumococcus 
have been the most intensively studied and for present purposes may be 
regarded as typical. These so-called specific soluble substances (SSS), which 
make up the capsule of the bacterium, have been found by Heidelberger, 
Avery, Goebel and others^’^ to be polysaccharide in nature. Of the pneu- 
mococcal type specific polysaccharides, that of Type III has been the most 
thoroughly investigated and appears to be a polymer of aldobionic acid 
units (in this case glucose and glucuronic acid joined through a glucoside 
linkage, 4-iS-glucm-onosidoglucose, designated as cellobiuronic acid) having 
a molecular weight of 1000 to 5600. The nature of the other type specific 
polysaccharides is not so clear. Type II polysaccharide hydrolyzes to glu- 
cose; Type I is possibly a trisaccharide made up of two uronic acid (in part 
galacturonic acid) molecules, a third molecule containing nitrogen,^® and 
acetyl groups whose presence is of considerable immunological significance; 

Zinsser and Parker: Jour. Exp. Med., 1923, 57*275. 

C/. Heidelberger: Chem. Rev., 1926-7, 5:403; Physiol. Rev., 1927, 7:107; Medi- 
cine, 1933, i2:279; Harvey Lectures, 1933, 25:184. See also Marrack: The Chemistry of 
Antigens and Antibodies. Medical Research Council Special Report Series No. 230, 2nd 
ed., 1939. 

13 Heidelberger, Kendall and Scherp: Jour. Exp. Med., 1936, 54:559. 



250 Antigens 

and Type IV yields an amino sugar on hydrolysis. That such polysaccharide 
haptenes are not peculiar to the pneumococcus is indicated by the isolation 
of similar substances from a variety of microorganisms including yeasts 
and other fungi and certain metazoan parasites as well as many species 
of bacteria. 

The presence of capsular polysaccharide material confers immunological 
specificity upon the pneumococcus types ; the rough, nonencapsulated forms 
are species specific and no longer may be differentiated into types irrespec- 
tive of the immunological type of the smooth, encapsulated parent form. 
The species specificity manifested by the rough forms, furthermore, appears 
to be intimately associated with the presence of yet another pol ysaccharide, 
the so-called “G” polysaccharide,^® which is common to the rough forms 
and which, like Type IV polysaccharide, hydrolyzes to an amino sugar but 
also contains phosphoric acid. The conversion of pneumococcus types, 
then, would appear to be an alteration in the ability of the microorganism 
to synthesize one or another of the type-specific polysaccharides (p. 340). 
The immunological specificity of other bacteria, including types A, B, and 
G of Friedlander’s bacillus, certain of the meningococcus types, staj)hyl- 
ococci, streptococci and other microorganisms, is similarly associated 
with the presence of polysaccharide haptenes. The nature of the linkage 
between polysaccharide and antigenic protein in the bacterial cell is not 
known. 

Recent work has shown that an effective antigen need not contain intact 
polysaccharide; GoebeP® has prepared an azoprotein antigen from horse 
serum and the glucoside of cellobiuronic acid whose antiserum will protect 
mice against Type III pneumococcus infection. Similar protection is af- 
forded against Type II infection by an antiserum to an azoprotein antigen 
prepared from the glucoside of a synthetic isomeric aldobionic acid, gentxo- 
biurom'c acid (6-/3-glucuronosido-glucose).2^ 

Lipoids .^^ — Principally because of the apparent solubility of Forssman 
antigen in organic solvents and the immunological activity of certain 
lipoidal preparations from tubercle bacilli it has been thought that lipoids 
might function either as true antigens (see below) or as haptenes. The 
experimental evidence, e. g,, immunization with mixtures of foreign serum 
and such substances as lecithin, cephalin and cholesterol, has, however, 
been inconclusive. It is, therefore, uncertain as yet whether or not lipoids 
may determine the immunological specificity of antigenic proteins. In this 
connection it is of some interest that recent work^^ has indicated that the 
Forssman antigen, generally regarded as the best example of the immuno- 
logical activity of lipoids, contains polysaccharide haptene. In higher ani- 
mals the polysaccharide-protein antigen contains lipoidal substances, but 
these are lacking in heterophile antigen of bacterial origin. 

Tillet, Goebel and Avery: Jour. Exp. Med., 1930, 52:895. 

Goebel: Jour. Exp. Med., 1939, tf9;353. 

« Ibid , 1940, 72:33. 

=^Tbe question of the antigenicity of lipids is reviewed by Weil: Bact. Rev 1941 
5:293. ^ j , 

*3 Landsteiner and Levine: Jour. Immunol., 1932, 22:75. See also Meyer and Morgan 
Brit. Jour. Exp. Path., 1935, 16:476. 
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Non-protein Antigens. — Although in general only proteins and pro- 
tein-haptene complexes will stimulate the formation of antibodies, there is 
some evidence that certain non-protein substances may act as true antigens. 
Such evidence is, however, difficult to interpret in many instances because 
of the minute amounts of antigenic protein that are required to elicit an 
immunological response — according to Wells^^ as little as 0.00005 milligram 
of crystalline egg albumin is effective — which may be present as contami- 
nation in naturally occurring non-protein substances. A second possibility 
that is difficult to eliminate is that of the combination of a non-protein 
substance with body protein of the animal into which it is injected, leading 
to the formation of an antigenic complex. It is well known that such simple 
compounds as formaldehyde will act in this manner, and drug idiosyncrasies 
are not infrequently accounted for on this basis. 

Glucosides, — It was early reported by Ford that the glucoside hemolysin 
present in the toadstool {Amanita phalloidesY^ and the toxin of poison ivy 
{Rhus ioxicodendrony^ also a glucoside, would, upon injection, stimulate 
the production of antibodies. In recent years Boivin and Mesrobeanu^^ 
have shown that gluco-lipoids, consisting of a complex polysaccharide 
linked to a phosphatide or nucleotide component, present in certain of the 
colon-typhoid-dysentery group of bacteria and apparently representing the 
endotoxin of these organisms, are antigenic and give rise to antitoxic sera 
when injected into experimental animals. Evidence such as this suggests 
that under certain circumstances such non-protein substances may function 
as true antigens although they appear to be “poor” antigens in that the 
antibodies produced are generally present only in low titer. 

Polysaccharides,— Considerable interest has attached to the possibility 
that the high molecular weight polysaccharide haptenes may act as antigens 
apart from the protein molecules to which they lend immunological speci- 
ficity. Although earlier studies indicated that pure polysaccharides, those 
of the pneumococcus types, functioned only as haptenes, more recent work 
has suggested that these substances may be complete antigens and capable 
of inducing an immunological response. Their immunological behavior is 
peculiar in some respects,^® but it appears definitely established that these 
substances will stimulate the formation of antibodies. The antigenicity of 
other polysaccharides, such as the vegetable starches, is not established by 
unequivocal experiment, and for the present these substances may be 
regarded as not antigenic. 

Lipoids. — As indicated above, lipoids apparently do not function as 
haptenes and, as might be inferred, cannot function as antigens. The anti- 
genic activity of ethereal extracts of tissues containing Forssman antigen 
and that of similar preparations from the tubercle bacillus and other acid- 
fast bacteria may be accounted for on the basis of protein impurities. More 

24 * loc cit* 

25 Ford: Jour. Inf. Dis., 1906, .5:191; ibid., 1907, -^:.541. 

25 Ford: Jour. Pharmacol., 1910, 5:145. 

2^ Boivin and Mesrobeanu: Rev. Immunol., 1935, i:553; ibid.^ 1936, 5:113; ibid., 
1937, .5:319; Aim. Inst- Pasteur, 1938, ^1:426. 

28 Cf. Avery and Goebel: Jour. Exp. Med., 1933, 5<^:731; Horsfall and Goodner; Jour, 
Immunol., 1936, Jf:135. 
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specifically, the lipid portion of the somatic antigen of the dysentery 
bacilli does not appear to contribute to its antigenicity or specificity.'^® 
The Antigenic Structure of Bacteria. — It is already apparent that 
the cell substance of a bacterium is not immunologically honaogeneous but 
consists of a number of different antigenic components. The particular 
combination of antigens, one or more of which may be shared by closely 
related forms, that goes to make up the immunological charac*Ier of a bac- 
terial species has been aptly termed an antigenic mosaic. This antigenic 
mosaic is undoubtedly an expression of deep-seated characters that contrib- 
ute to the biological individuality of the bacterial species, for, from the 
biological point of view, these antigenic substances are qualil-atively dif- 
ferent kinds of protoplasm. In this light the immunological method may be 
regarded as an analytical method, remarkably sensitive, highly spocdfic 
and crudely quantitative. 

In a number of cases these antigens have been separated by biochemical 
methods and something of their nature is known. The polysaccharide liap- 
tenes referred to above are of very considerable immunological importance 
in many, but not all, cases. The isolation of such substances is relatively 
simple, usually involving a primary alcohol precipitation from solution of 
the bacterial cell substance. The somatic antigens of the enteric bacilli, 
which appear to be identical with endotoxin in many cases, may l)e pre- 
pared by extraction of the intact cells with M/2 trichloracetic acid in the 
cold,®® by extraction of the intact cells with glycols such as diethylene 
glucol,®’ by fractionation of tryptic digests of the cells,®^ or by dissociation 
and extraction in 6 M urea.®® These substances may be precipitated from 
the crude extract by alcohol and further purified. Though it has been 
indicated earlier that these substances are polysaccharide-lipid cornplc^xes, 
there is not complete agreement on this point. Preparations made by pri- 
mary trichloracetic acid extraction do appear to he of this nature but those 
isolated by glycol extraction are polysaccharide-lipid-polypeptide com- 
plexes. These may be dissociated and reconstituted in hot formamide solu- 
tion and the polypeptide portion seems to be essential to antigenicity. 
Sharp separation of the immunological specificity of the flagellar an tigens 
has not been possible by chemical means, but physical separation in which 
the flagella are broken off by shaking and separated from the cell proper 
by differential centrifugation has been accomplished. So far as is known, the 
flagellar antigens are protein in nature. In the past a good deal of work 
has been done with “nucleoprotein” separated from the bacterial cells by 
extraction with dilute alkali. The immunological entities have not been 
separated in such preparations, however. 

The number of antigens that can enter into this mosaic in a single species 
is unknown ; some Salmonella species have been found to contain seven or 
eight separate antigens which differ from one another not only immunolog- 

29 Partridge and Morgan: Brit. Jour. Exp. Path., 1940, 2f:180. 

Boivin and Mesrobeanu: Rev. Immunol,, 1935, if.-SSS. 

Morgan: Biochem. Jour., 1937, 5J:2003. 

32Raistrick and Topley: Brit. Jour. Exp. Path., 1934, ^5:113. 

Walker: Biochem. Jour., 1940, 54:325. 
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ically but also in their resistance to heat, alcohol and the like, and these 
and other bacteria will undoubtedly prove to be increasingly complex with 
further study. The number of antigens demonstrable by antigenic analysis 
(p. 269) is, of course, only a minimum since a given antigen remains an 
entity only so long as possible components of it have not been found to 
occur separately. It is of some interest that antigens co-existing in the same 
cell may not be equally demonstrable. The species specificity observable in 
rough pneumococci, for example, is present in the smooth forms but is 
masked by the predominant type specific antigens. Similar phenomena have 
been observed in a variety of bacterial species. Conversion to varying de- 
grees of roughness may bring to light “new” antigens which, though pre- 
sumably constantly present, have been masked by the presence of other 
antigenic substances. There is a tendency to interpret such findings as 
indicating the relative position of antigenic substances within the cell, the 
peeling off of “outer” antigenic layers and exposure of secondary and 
tertiary layers of antigen within the cell. While there is something to be 
said for this concept as a figurative mode of expression, it may be pointed 
out that, aside from the fact that in some bacteria specific antigen is 
present in the capsule or flagella, there is no evidence of an immunological 
geography in the bacterial cell. 

The demonstration of the occurrence of common antigens in heterologous 
bacteria may be interpreted in two ways. Thus it may be assumed that the 
identical antigen, or at least its determinant portion, is shared. This is a 
common view and one for which there is a good deal of justification in 
many instances. It is believed by some, however, that the observed cross 
reactions are attributable to the occurrence of similar determinant groups 
and the type of partial antigen-antibody reaction observed with artificial 
antigens. As yet there is no definitive evidence to substantiate either view. 

ANTIBODIES 

The immunological response of an animal to the initial injection of an 
antigenic substance is not immediate but after a suitable time interval or 
incubation period is manifested as an alteration in the properties of the 
blood serum with respect to the antigen. An immune serum, or antiserum, 
differs from normal serum in that it reacts, either in vivo or in vitro, with 
the homologous antigen. This property of immune serum is a consequence 
of the presence of antibodies, substances which are formed by the animal 
body in response to the presence of antigen in the tissues, and which com- 
bine specifically with the antigen. The antigen-antibody reaction is demon- 
strable in a number of ways, the particular technique employed depending 
upon the nature of the antigen. By such means five apparently different 
kinds of antibodies may be found, although, as will appear, these are 
probably but a single substance. They are: 

(1) the antitoxins — antibodies formed in response to the injection of 
toxins which, when mixed with the homologous toxin, neutralize its 
poisonous qualities; 

(2) the lysins — antibodies which bring about a dissolution or lysis of 
bacterial and other cells; 
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(3) the opsonins — antibodies which sensitize bacterial cells in such a way 
that they are readily engulfed by the phagocytic cells; 

(4) the agglutinins — antibodies formed in response to the injection of 
bacterial cell substance which, when mixed with the homologous 
microorganism, immobilize the bacteria if they are motile, then 
aggregate, or agglutinate, the cells with the formation of clumps 
which settle out of suspension; 

(5) the precipitins — antibodies formed in response to the injection of 
soluble antigens such as proteins which, wheii mixed with soluble 
antigen, aggregate the molecules with the formation of a precipitate. 

In addition to these five generally recognized kinds of antibodies, two 
others may be provisionally added: 

(6) ablastins — ^reproduction-inhibiting antibodies which prevent the 
multiplication (cell division) of the invading microorganism ; 

(7) neutralizing antibodies — antibodies which, when mixed and incubated 
with the infectious agent, generally a filterable virus, render it non- 
infective. 

The various antibodies may be considered briefly one by one. 

Antitoxins. — It was found by von Behring and Kitasato^^ in 1890 that 
the immunity of rabbits and mice which had been immunized against 
tetanus was associated with the ability of the blood serum to neutralize 
the toxic substances produced by the tetanus bacillus. The substance in the 
serum which neutralized the tetanus toxin was designated by these workers 
as antitoxin. Subsequent investigation has shown that the animal body 
forms antitoxins in response to the injection of a variety of antigenic 
poisons, not only those of bacterial origin such as diphtheria toxin, botulinus 
toxin and the like, but also against the phytotoxins and zootoxins (p. 
176). 

The action of antitoxin may be directly demonstrated in the following 
way: if a fatal, or many times fatal, dose of toxin be mixed with an appro- 
priate amount of antitoxic serum in vitro, the injection of the mixture into 
a susceptible animal is wholly without injurious effect; the poisonous 
qualities of the toxin are nullified by the immune serum. The reaction is, 
like 8dl other immunological reactions, highly specific, and an UTititoxiti 
which neutralizes the homologous toxin is without effect on heterologous 
toxins. The nature of the effect of the antitoxin which renders a powerful 
toxin pharmacologically inert is unknown. 

The Toxin-' Antitoxin Reaction. — The combination of toxin and antitoxin 
does not necessitate the complete destruction of either component ; neutral 
mixtures of toxin and antitoxin may be dissociated by treatment with 
hydrochloric acid, by freezing in the presence of phenol or tricresol and, to 
some extent, by simple dilution. In certain cases, e.g., pyocyaneus toxin and 
certain snake venoms, in which the toxin is more resistant to heat than the 
antitoxin, the latter may be selectively destroyed and the neutral mixture 
becomes toxic upon judicious heating. It appears, therefore, that a more or 
less loose combination of toxin and antitoxin takes place, the poisonous 
properties of the toxin being held in abeyance as long as the union persists, 
von Behring and Kitasato: Dent. med. Wchnschr,. 1890 , ^ 6 : 1113 . 
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The rate of reaction between toxin and antitoxin, like the chemical reac- 
tions, is dependent upon temperature, concentration, character of the 
medium in which the reaction occurs, and similar factors. The avidity of 
an antitoxin for its corresponding toxin differs in different cases; the union 
between tetanus toxin and antitoxin, for example, takes place less rapidly 
than that between diphtheria toxin and antitoxin. 

An understanding of the precise character of the toxin-antitoxin reaction 
is dependent upon the interpretation of phenomena revealed by quanti- 
tative studies. It might be expected that a given quantity of antitoxin 
would always neutralize a constant amount of toxin, that the neutraliza- 
tion would follow the law of multiple proportions. This is, however, not the 
case, and it appears that the amount of antitoxin required to neutralize a 
given quantity of toxin is dependent upon (a) the manner in which the two 
are mixed with one another and (b) the relation between toxicity and 
combining power in the particular filtrate under consideration. 

In the first instance it has been observed that when an excess of toxin 
is added to its specific antitoxin in several portions at proper intervals of 
time, much more unneutralized toxin remains in the mixture than if the 
same quantity of toxin had been added to the same quantity of antitoxin 
at one time. This is known as the Danysz phenomenon. If, on the other 
hand, antitoxin be added to toxin in successive equal portions, it may be 
shown that, in general, the first portion of antitoxin neutralizes a greater 
portion of the toxin than the second, the second a greater than the third, 
etc. In the second case it has been found that there is no constant relation- 
ship between toxicity and combining power of a toxic filtrate; toxicity 
slowly diminishes upon storage but combining power remains unchanged. 
A similar change may be brought about by various physical and chemical 
agents, notably formaldehyde, which destroys toxicity but does not affect 
the antitoxin combining power of the preparation. Such altered toxin, 
which retains its antigenicity unchanged in addition to its combining 
powers, is designated as toxoid and, when prepared by treatment with 
formaldehyde, for mol toxoid or anatoxin. The proportions of toxin and 
toxoid in a given filtrate are variable. Consequently there is no fixed rela- 
tion between toxicity and power to combine with antitoxin; the MLD’s 
neutralized by a unit quantity of antitoxin may vary from one filtrate to 
another or in the same filtrate at different times from 30 to 130. 

Three theoretical explanations of the toxin-antitoxin reaction have been 
advanced. They are known by the names of their proponents, Ehrlich, 
Arrhenius and Madsen, and Bordet and Landsteiner. 

According to Ehrlich the reaction is purely chemical and essentially 
similar to the neutralization of a strong acid by a strong base. The com- 
bining properties of toxin and antitoxin would, therefore, be a manifesta- 
tion of primary valencies. This concept is, however, not compatible with 
the observed behavior of toxin and antitoxin in mixture; the Danysz phe- 
nomenon, for instance, suggests that if the neutralization proceeds accord- 
ing to Ehrlich, the reacting substances are not homogeneous but consist of 
mixtures of substances with varying affinities for one another. On the basis 
of his studies on diphtheria toxin, Ehrlich postulated a series of components 
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of toxin which differed from one another both in their avidity for antitoxin 
and in their toxicity. 

Arrhenius and Madsen preferred to regard the toxin-antitoxin combi- 
nation as essentially a chemical reaction but analogous to the neutraliza- 
tion of a weak acid by a weak base (ammonia and boric acid). Although 
this hypothesis is attractive in many respects, it is not compatible with 
certain aspects of the toxin-antitoxin reaction. Simple dilution of a neutral 
mixture, for example, does not result in the degree of dissociation that this 
theory calls for. As a consequence of this and certain other discrepancies, 
the theory of Arrhenius and Madsen is, like that of Ehrlich, not generally 
accepted at the present time. 

A third concept, proposed by Bordet and strongly supported by Land- 
steiner, is that of the toxin-anti toxin reaction as an adsorption phenomenon, 
essentially physico-chemical in nature and arising as a consequence of 
intermolecular forces (secondary valencies) . The varying degrees of l.oxicity 
apparent in the neutralization of toxin may be regarded as due to differ- 
ences in completion of saturation of the individual toxic units, a process 
that may be compared to certain staining reactions such as the action of 
iodine upon starch, a dilute iodine solution producing a light blue tinge, a 
stronger solution a deep blue. This adsorption theory would view the action 
of antitoxin upon toxin as a sort of progressive attenuation, proportional 
to the amount of antitoxin added. The evidence for such a mechanism, not 
only in the toxin-antitoxin reaction but in antigen-antibody reactions in 
general, is very strong indeed, and it is generally regarded as highly prob- 
able that these reactions are essentially physico-chemical in nature. This 
view of the immunological reactions will be considered at greater length 
in a later section. 

The Standardization of Antitoxins . — The quantitative evaluation of the 
toxin-neutralizing capacity of antitoxic sera is cleaily a matter of consider- 
able practical as well as theoretical importance. Ehrlich originally proposed 
as the standard unit of diphtheria antitoxin that amount which would just 
neutralize 100 guinea pig MLD’s of toxin. As indicated above, however, 
variability in the relation of toxicity to combining power invalidates any 
standard based on toxicity; in other words, the combining power of a toxin 
is not a measure of its toxic qualities. On the other hand, since the com- 
bining power of a toxic filtrate remains constant within narrow limits, it 
is possible to establish an arbitrary standard unit upon which the relative 
strength of all antitoxic sera can be based. Such a standard diphtheria 
antitoxin was first prepared by Ehrlich and was preserved by him with all 
precautions against possible deterioration. A standard antitoxic serum 
based on Ehrlich’s arbitrary standard unit is also prepared in this country 
by the National Institute of Health of the United States Public Health 
Service, and is distributed every two months to the licensed producers of 
commercial serum. The unit is international, standard sera being tested 
from time to time by the Biological Standardization Commission of the 
League of Nations. 

Three methods are used in the titration of diphtheria toxin and antitoxin. 

“ C/. Amer, Joxzr. Public Health, 1935, 55:712. 
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The first of these is the classic method of Ehrlich in which two limits (Lat., 
limes) are determined by guinea pig inoculation. These are the Lo dose of 
toxin, which is defined as that amount exactly neutralized by the standard 
unit of antitoxin, and the L+ dose, that amount of toxin which, when 
mixed with one unit of standard antitoxin is just sufficient to kill in four 
days a guinea pig approximately 250 grams in weight. With these limits 
established, the serum to be standardized is mixed with the toxin just 
titrated, and the smallest amount of serum which, when mixed with 
the L+ dose of toxin, will produce a 50 per cent mortality in the in- 
oculated guinea pigs is considered to contain one unit of diphtheria 
antitoxin. 

A second method is based upon the observation that the intradermal 
injection of 1/250 to 1/500 MLD of diphtheria toxin into a guinea pig is 
followed by a local reaction, swelling and erythema and, with slightly larger 
amounts of toxin, necrosis, a phenomenon sometimes called the Rbmer 
reaction. By the use of such intradermal inoculations an Lr dose of toxin 
may be determined, i.e., that amount of toxin which, when mixed with 
one standard unit of antitoxin, will produce the minimal skin reaction. 
The serum to be standardized is mixed in varying amounts with Lr doses 
of toxin, and that amount of serum which gives the minimal skin reaction 
is considered to contain one unit of n antitoxin.®® This method has the 
advantage of allowing the testing of a number of toxin-antitoxin mix- 
tures in one animal but has not displaced the classic method in common 
usage. 

The third method makes use of the Rdmon flocculation, the in vitro pre- 
cipitation of toxin and antitoxin when mixed in optimal proportions.®^ 
Standard antitoxin is mixed with varying quantities of toxin, and the tube 
first showing precipitation contains one Lf dose of toxin. Varying amounts 
of the serum to be standardized are mixed with the Lf dose of toxin. The 
amount of serum in the tube first showing flocculation in this second series 
is considered to contain one unit of antitoxin. This method differs from the 
other two in that it depends upon the combining power of a toxic filtrate 
rather than on toxicity- It is generally used, not as a final method of 
standardization, but as a preliminary to standardization by the Ehrlich 
method. 

The interrelationships of these limits are of some interest. The L-j- dose 
is, of course, larger than the Lo dose, and, because of the peculiarities of 
the toxin-antitoxin reaction, by considerably more than one MLD. The 
Lr dose approximates the Lo dose as might be expected in view of the small 
amount of toxin required to elicit the skin reaction. The Lf dose is generally 
somewhat less than any of these, since it is a measure of combining power 
rather than toxicity and is unaffected by differences in the proportions of 
toxin and toxoid. It would appear that the Lf/Lr ratio should be the same 
for a given toxic filtrate imnaediately upon standardization- It has been 
found, however, that this ratio differs with different antitoxic sera. This 
appears to be a consequence of differences in avidity, not of hypothetical 

Glenny and Allen: Jour. Path, and Bact., 1921, 24:61. 

Ramon: Compt. Rend. Soc. Biol., 1922, 86 : 661 , 711, 813. 
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toxin components as suggested by Ehrlich, but of antibody. The avidity of 
antitoxic sera is associated with the protein fraction containing the anti- 
body; successive globulin fractions differ from one another in avidity^® 
(see also p. 283). 

The Bactericidal Substances — Lysins. — It was early shown by 
Nuttal^® that fresh, defibrinated animal blood is markedly bactericidal. 
This property, also possessed by cell-free serum, was found to be heat 
labile and destroyed by holding at a temperature of 55 to 56° C. for thirty 
minutes. Such heated sera are said to be inactivated. The blood or serum 
from a single animal species is not equally active on all species of bacteria 
and, conversely, a given bacterial species is affected to varying degrees by 
the blood of different animal species. It was suggested by Buchner^® that 
the natural resistance of an animal to infection could be explained in part 
by this bactericidal quality of the blood, and he proposed the name alexin 
(Gr., to ward off) for the heat labile activity. 

Although this bactericidal activity of the blood and serum of normal 
animals is frequently specifically increased by immunization, such an in- 
crease does not invariably accompany the development of the immune 
state. The serum of guinea pigs immunized with Vibrio metchnikovii is 
strongly germicidal for that microorganism, while that of unimmunized 
guinea pigs is devoid of specific bactericidal quality. On the other hand, 
immunization with streptococci, while producing a specific resistance to 
infection with the bacterium, frequently fails to induce an increased, 
specific germicidal activity. 

The Pfeiffer Phenomenon. — The bactericidal effect is, in some instances, 
accompanied by visible dissolution of the bacterial cells. The course of 
events following the introduction of cholera vibrios into the peritonea) 
cavity of an immunized animal was followed microscopically by Pfeiffer^’ 
and described by him in detail. The vibrios first lose their motility, theii 
swell up and crumble into small fragments. The dissolution of the fragments 
follows, and no trace of the bacterial cell remains visible. This action of the 
body fluids is attributable to the presence of an antibody termed a lysin 
(Gr., to loose, dissolve). It occurs not only within the peritoneal cavity of 
an immunized animal, but also when the peritoneal fluid or blood serum 
is removed from the body and brought immediately in contact with the 
bacteria in vitro. The lytic activity of bactericidal sera in vitro is heat labile 
and the process of lysis appears to be essentially identical with that observed 
in vivo. 

Visible lysis of bacterial cells, however, does not invariably accompany 
the lethal activity of a bactericidal serum. In fact, the majority of bacteria 
are not dissolved by immune sera in the manner described above. This is 
not to be taken to indicate that the processes are fundamentally different; 
not only are many bacteria highly resistant to visible structural alterations, 

** Cf. Barr and Glenny: Jour. Path, and Bact., 1931, 34:539; Brit. Jour. Exp. Path., 
1931, J2:337; Glenny et al: Jour. Path, and Bact., 1932. 35:495. Kekwick, Knight, 
Macfarlane and Record: Lancet, 1941, i:571. 

39 Nuttall: Ztschr. f. Hyg., 1888, 4:353. 

Buchner: Arbh. f. Hyg., 1891. 

Pfeiffer and Issaeff : Ztschr. f. Hyg.. 1894. 
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viz,, the lack of sensitivity to wide variations in osmotic pressure, mechan- 
ical pressure, etc., but, as will appear, the antigen-antibody reaction takes 
place in two stages, the first the union of antigen and antibody and the 
second the visible consequences of that union. Whether or not dissolution 
of the bacterial cells occurs, it may be readily shown that they unite with 
the lysins. 

Hemolysis . — ^The lysis of bacteria by an immune serum is not a unique 
reaction in which only bacterial cells may play a part; bacteriolysis is, 
rather, a special case of a general phenomenon, for immunization with a 
V6u*iety of cells results in the production of cytolytic sera. Of these, erythro- 
cytes have been by far the most widely studied, for the lysis of these cells, 
hemolysis, is readily apparent in the test tube; the red opacity of the cell 
suspension changes to the clear red solution of hemoglobin as lysis proceeds. 
The stroma is not dissolved but, upon examination, appears misshapen. 
First, demonstrated by Bordet, hemolysis has been particularly useful not 
only as a type of lytic reaction peculiarly suitable for laboratory manipu- 
lation, but also as an indicator of antigen-antibody combination when 
visible lysis does not or cannot take place. It may be noted that the immune 
hemolysins, i.e., those, formed by the animal body in response to the injec- 
tion of erythrocytes, are to be distinguished from the filterable hemolysins 
formed by bacteria (p. 177). 

Antisera have been prepared against a variety of other cells. The injec- 
tion of spermatozoa leads to the appearance, in the serum of the inoculated 
animal, of a spermatoxic substance that first renders the corresponding 
spermatozoa motionless and then kills them. A number of similar cytolytic 
sera have been prepared — “nephrotoxic” sera by the injection of kidney 
cells, “hepatotoxic” sera by the injection of liver cells, etc., but the organ 
specificity claimed for these last has not been satisfactorily demon- 
strated. 

The Mechanism of the Lytic Reaction . — ^An observation contributing in 
large measure to a pairtial understanding of the mechanism of the action of 
the immune lysin was that lytic or bactericidal activity could be completely 
restored to an inactivated serum by the addition of a small amount of 
fresh unheated serum, either normal or immune. It appears, therefore, that 
the lytic reaction is a consequence of the interaction of three components, 
rather than two as in the case of the toxin-antitoxin reaction. One of these 
is clearly an immune body, i.e., is formed in response to the injection of the 
antigen, and another, the heat labile component present in normal as well 
as immune serum. The third component is, of course, the antigen. 

The heat labile component was termed alexin by Buchner,^® as indicated 
above, and renamed complement by Ehrlich. The immune body or anti- 
body was called substance sens ibilisatr ice or sensitizer by Bordet and ambo- 
ceptor by Ehrlich. The relation between these components may be expressed 
in tabular form for a hemolytic system: 

Bordet: Ann. Inst. Pasteur, 1898, 12:688. 

Buchner originally used the term alexin to designate the entire bactericidal action 
of the blood serum; alexin was later used by Bordet for the heat labile substance alone; 
and at the present time alexin is regarded as synonymous with complement. 
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erythrocytes + imheated immune serum — hemolysis 
(antigen) (complement or alexin 

4- amboceptor or sensi- 
tizer) 

erythrocytes ■+• heated immune serum = no hemolysis 
(antigen) (amboceptor or sensiti- 

zer) 

erythrocytes + heated immune serum + unheated normal serum = hemolysis 
(antigen) (amboceptor or sen- (complement or alexin) 

sitizer) 

These components react with one another, not at random but in an orderly 
manner ; the union between antigen and amboceptor must precede the reac- 
tion with complement. Complement does not combine with antigen in the 
absence of amboceptor, but antigen and amboceptor will unite regardless 
of the presence of complement. This may be demonstrated directly by 
using mixtures of only two components or in the presence of all three by 
holding the mixture at 0° G. ; the antigen-amboceptor union readily takes 
place at this temperature, but complement unites only slowly and may be 
demonstrated in the supernatant following centrifugation. 

According to Ehrlich, complement acts upon the antigen only indirectly 
through the amboceptor, the last functioning as a bridge between the first 
two. In this connection it is of interest that colloidal silicic acid may act 
as a sensitizing agent in the lysis of red cells. The evidence does not require 
that the action of complement be indirect in this way; it is established 
only that the antigen must be sensitized by the antibody before union with 
complement can occur. According to Bordet the union is in the nature of a 
specific adsorption, the sensitized antigen being rendered susceptible to 
the lytic action of the complement. The evidence, which cannot be consid- 
ered at length here, strongly supports the latter view. In consequencic it is 
generally admitted that the terms alexin and sensitizer are preferable to 
complement and amboceptor, although the latter remain in common usage. 
Quantitative studies by Heidelberger and his co-worker s^^ have shown that 
under ordinary circumstances about seven molecules of complement are 
required for each molecule of antibody, but in very dilute solution the ratio 
may approach unity. These workers believe that complement exists in a 
loose union with antibody but is tightly bound in the antigen-antibody 
complex. 

The Neisser-'Wechsherg Phenomenon {Complement Deviation) .—It has 
been observed by Neisser and Wechsber^® that when varying amounts of 
immune serum (amboceptor) are added to constant amounts of normal 
serum (complement) and antigen, there is, as might be expected, no lysis 
with very small amounts of amboceptor, but as larger amounts are added, 
lysis takes place. When, however, amboceptor is added in considerable 
excess, lysis again fails to take place. From these and similar experiments it 
was concluded that a “deviation of complement” occurs under conditions 
where the amboceptor is in great excess, i.e., the complement unites with 

Heidelberger: Jour. Exp. Med., 1941, 75:681; Heidelberger, Weil and TreJffers: 
ibid., 1941, 75:695; Heidelberger, Rocha e Silva and Mayer: ibid., 1941, 74:359. 

^ Neisser and Weehsberg: Miinch. med. Wcbnschr., 1901, 45:697. 
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the unbound amboceptor rather than with the amboceptor which has 
united with the antigen. A special explanation need not be devised for this 
phenomenon, however, for a similar failure of antigen-antibody union to 
occur is apparent in other serological reactions in the region of antigen or 
antibody excess. Such, for example, is the prozone phenomenon (p. 269) in 
the precipitin and agglutination tests. The same effect may be observed 
in vivo, for successful protection of mice against pneumococcus infection has 
long been known to be dependent upon optimal amounts of antiserum and 
culture ; otherwise a zonal phenomenon in which there is no protection (the 
Schwellenwert of Neufeld and Haendel) may be encountered. 

The Bordet-Gengou Phenomenon or Complement Fixation. — As pointed out 
above, the lytic action of an immune serum is difficult to observe with 
many bacteria and cannot take place with an antigen such as egg albumin. 
Whether or not the phenomenon of lysis occurs or is made evident through 
some observable change in the antigen, it is possible to demonstrate the 
union of antigen and antibody by the addition of an indicator system. The 
lysis of red blood cells is used for this purpose and is commonly referred to 
in this connection as the hemolytic system ; sheep cells and sheep hemolysin 
are generally used. 

The antigen and inactivated serum (either of which may be unknown) 
are mixed together with the proper amount of complement in the form of 
fresh, unheated guinea pig serum. If the antigen and the inactivated serum 
unite, the complement will combine with the sensitized antigen and is said 
to be “fixed.” When the hemolytic system is added in the form of heated 
hemolytic serum and erythrocytes, no complement is available, hemolysis 
does not occur, and the test is positive. If, however, the antigen and inacti- 
vated serum do not react, the complement remains free and combines with 
the sensitized red cells, hemolysis results and the test is negative. This 
phenomenon may be illustrated in the following way : 

antigen positive negative sheep red cells 

< complement > -1- 

inactivated serum inactivated hemolytic serum 

(amboceptor) 

The quantitative aspects of the test are obviously of primary importance, 
and each reagent must be titrated and added in the proper amount. 

The complement fixation test may be used with a known antiserum for 
the identification of an unknown bacterium or with a known antigen as a 
means to detect antibodies in an unknown serum. Perhaps the commonest 
application of the test is in the diagnosis of syphilis, where it is known as 
the Wassermann test. 

The Nature of Complement. — It is likely that the process of lysis is ac- 
complished by complement, the antibody simply sensitizing the antigen 
to this lytic action. Complement is not increased during immunization, and 
a high titer immune serum may be only feebly lytic because there is not 
sufficient complement present to utilize the excess of amboceptor. It is 
of some interest that there is little species specificity in complement; that 
from guinea pig serum, for example, may bring about the lysis of beef cor- 
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puscles in the presence of amboceptor in goat serum. Some quantitative 
differences are apparent, however, for a serum which may be actively 
complementary in some reactions may be relatively inactive in other com- 
binations. 

The property of inactivation by heat has been referred to above. Comple- 
ment is also inactivated by shaking, but in neither case is the inactivation 
completely irreversible, for some activity may be regained on standing. 
In this respect complement behaves as a typical hydrophilic colloid which 
can be made to aggregate by physical forces but shows a tendency to spon- 
taneous dispersion and restoration to the original state. The activity dis- 
appears upon standing — ^rapidly at room temperature (two or three hours) 
and more slowly in the ice-box, where it may be preserved for three or four 
days. Complement is irreversibly destroyed by strong acids or alkalis and 
reversibly inactivated by ions such as Mg, Ca, Ba, Sr and SO 4 or by hyper- 
tonic salt solutions. In this connection it is of some interest that complement 
which is inactivated by raising the salt concentration to 5 to 10 per c‘.ent 
may be preserved at low temperatures in this form for several weeks, the 
activity being regained upon dilution with distilled water. These properties 
and some others, such as ready adsorption on surfaces, suggesl a (;los() 
relationship between complement and the enzymes; it has also been pointed 
out that there are remarkable resemblances to certain compounds of protein 
with soaps and lipoids. There is a close association of complement with 
the blood-clotting mechanism and some workers believe it to be identical 
with prothrombin. The nature of the lytic action of complement is as yot, 
however, purely speculative. 

Complement is intimately associated with the serum proteins and there 
is reason to believe, viz, the destruction of complement by trypsin and the 
antigenicity of the activity, that this lytic agent is protein in nature. 
Complement may be split into two parts by the separation of serum protein 
into albumin and globulin. The globulin fraction will unite with sensitized 
cells although no lysis occurs, and is called the mid-piece, while the albumin 
fraction which will not unite with the sensitized antigen in the .absence of 
the mid-piece but produces lysis when it unites with the sensitized cell- 
mid-piece complex is termed the end-piece. Other investigations have indi- 
cated that complement may be split up into four components by other 
fractionation methods. These are:^® 

C\ or mid-piece which is precipitated from guinea pig serum by passing 
CO 2 through the serum diluted 1:10 with distilled water, or by dialysis 
against distilled water. This component is destroyed at 56® C in 30 minutes. 

C '2 or end-piece which remains in solution after the C'l fraction is pre- 
cipitated. It shows the same heat lability. 

C^3 is inactivated by yeast, zymin or cobra venom and is not destroyed at 
56® G in thirty minutes. 

C '4 or fourth component is specifically inactivated by treating guinea pig 
serum with dilute ammonia, hydrazine or viper venom, or by shaking with 
chloroform or ether. It is also heat stable but this stability is greatly reduced 
in the presence of 10 per cent sodium chloride. 

^^For a discusdon of the terminology see Pillmer and Ecker: Science, 1941, ,9//:437, 



Opsonins 263 

Human complement likewise consists of these four components but all 
the components are not interchangeable with those of guinea pig comple- 
ment.^^ According to Pillmer, Seifter and Ecker^® not all of these components 
are fixed equally in complement fixation. 

Opsonins. — If a mixture of polymorphonuclear leucocytes and bacteria 
or other particulate matter is incubated for a time, it will be found on micro- 
scopic examination that a number of the leucocytes have ingested the 
foreign particles. Few if any particles will be ingested if the mixture is 
prepared in physiological salt solution, a considerable number if the fluid 
is normal serum. In the case of bacteria, great numbers of the microorgan- 
isms will be found packed into the leucocytes when the two are suspended 
in the specific immune serum. The antibodies present in the immune serum 
which so remarkably stimulate this engulfment by body cells are desig- 
nated bacteriotropins, a term not in common use, or opsonins. The term 
opsonin was originally used to designate the activity of normal serum, 
hence the antibodies in the immune animal are sometimes called immune 
opsonins. The cells which ingest such particulate matter are termed phago- 
cytes (devouring cells) . This property is not confined to the polymorphonu- 
clear leucocytes or heterophils, although these have been most widely used 
in in vitro experiments because of their availability, but is also present in 
various mononuclear phagocytes. These cells and their r61e in immunity 
are discussed in the following chapter. 

The Opsonic Index. — quantitative estimate of opsonin present in a 
given immune serum may be made by comparing the number of bacteria 
ingested by normal leucocytes in normal serum with the number ingested 
by normal leucocytes in the immune serum. The appropriate mixtures are 
prepared and incubated in capillary tubes, smears made and stained, and 
the bacteria engulfed by an arbitrary number (usually 50 or 100) of leuco- 
cytes counted.^® The average number of bacteria per leucocyte, or phago- 
cytic index, is determined for the normal and immune sera, and the ratio 
of the phagocytic index of the immune serum to that of the normal serum 
is termed the opsonic index. 

The opsonins may be estimated also by the dilution method; specimens 
are prepared in the usual way, except that the normal and patient’s sera 
are diluted with saline or Ringer’s solution. One mixture is made with salt 
solution or Ringer’s solution to determine the degree of spontaneous phago- 
cytosis. The dilution of serum which gives the same amount of phagocytosis 
as a mixture without serum is taken as the end-point. 

The Factors Influencing Phagocytosis. — The process of phagocytosis is 
markedly influenced by environmental factors and the nature of the bac- 
terium and leucocytes used, as well as by the amount of opsonin present. 
Departures from a neutral or very slightly acid reaction or from isotonicity, 
and the presence of certain ions, notably the citrate radicle, depress the 

Ecker, Pillmer and Seifter; Jour. Immunol., 1943, 47 .*181. 

Pillmer, Seifter and Ecker: Jour. Exp. Med., 1942, 75:421. 

'*■' Tho details of this technique may be found in Wright and Colebrook: Technique of 
the Teat and Capillary Glass Tube. Constable and Co., Ltd. London. 2nd ed. 1921; 
Fleming: A System of Bacteriology. Medical Research Council, London, 1931, 9:212. 
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degree of phagocytosis. The last is of practical significance in that it con- 
traindicates the use of citrated hlood. The presence of calcium, on the other 
hand, may restore phagocytic power to leucocytes which have been allowed 
to stand in isotonic salt solution for a number of hours, a point of some 
interest in connection with the apparent intimate relation between this ion 
and cell division and the abiUty of ameboid cells to form new surfaces. 

The nature of the bacterium to he ingested is of considerable importance ; 
in general, virulent forms are relatively resistant to phagocy tosis. It is not 
unlikely that this resistance is associated with the presence of a capsule; 
in the case of the pneumococcus, for example, not only are the smooth, 
encapsulated forms highly resistant to phagocytosis, but the presonco of 



Fig. 29. — Phagocytosis of pneumococci by culture macrophages, l*hagocytoals in 
presence of normal serum; relatively few bacteria have been ingested. 2 and 3 , Phago- 
cytosis in the presence of antipneumococcus serum; enormous numbers of pniniinococci 
have been ingested and appear as agglutinated masses. The lightly staining forms are 
degenerating. Hematoxylin and eosin-azure II. X 1200 (Zuckerman). 


capsular polysaccharide markedly inhibits phagocytosis by an immune 
serum, presumably through combination with the antibody. Bacteriophage 
(p. 863) renders bacteria considerably more sensitive to phagocytosis. 

It has been shown by a number of investigators, especially Hektoen®^* 
and his associates, that the phagocytic power or activity of the leucocytes 
is subject to considerable variation independent of variation in the opsonic 
content of the blood. This inherent phagocytic power of the leucocytes 
varies, with respect to certain bacteria at least, even in persons apparently 
in perfect health. In the child at birth the leucocytes are somewhat less 
active phagocy tically than in the adult; they grow less active for a few 
months, and then more active, the adult standard for streptococci, pneu- 
mococci and staphylococci being reached about the third year. In pneu- 
Hektoen: Jour. Amer. Med. Assn., 1911, 57:1579. 
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monia, scarlet fever and other conditions in which there is acute leucocytosis 
when the outlook is favorable, the phagocytic power of leucocytes has 
been found to be greater than normal for the specific bacteria. The in- 
crease in activity in such cases may be due to the predominance of young 
leucocytes. 

The Process of Phagocytosis , — The mechanism of ingestion is essentially 
one of the interplay of interfacial forces. A formulation of the free surface 
energy relationships at the points of contact between particle and cell and 
their respective liquid interfaces has been worked out by Fenn®^ and sub- 
jected to experimental tests by Mudd®^ and his associates. Low interfacial 
tension of the bacteria against the leucocytes — ^and high interfacial tension 
against the medium — favors ingestion. The immune opsonins, and to some 
extent the ‘‘normal” opsonins, apparently form a surface deposit on the 
bacterial cells which promotes phagocytosis by altering the interfacial 
tension in this manner. In addition to surface tension, other factors such 
as the viscosity of the phagocytic cell substance enter into this phenomenon. 
Physical tensions are not the sole controlling factors, however, for increased 
oxygen consumption accompanies the process of ingestion, the rise be- 
ginning at once, reaching a maximum value twice that at the start in about 
fifteen minutes and persisting for 90 to 150 minutes.®^ 

It is of some interest that bacterial cells may be artificially “opsonized,” 
i.e., made more readily phagocytable, by treatment with iron ammonium 
alum, chrome alum, protamine sulfate or gallotannic acid. The effect is 
reversed by treatment with oxalate but reversion is very difficult when 
the cells are sensitized with immune opsonin. The significance of such 
observations in immune opsonization and phagocytosis is not clear. 

The Fate of Ingested Bacteria . — Following phagocytosis many, but not 
all, species of bacteria may be observed to undergo a process of dissolution, 
with swelling, granulation and fragmentation appearing as successive stages 
in their destruction. Although it was early supposed that intracellular 
digestion was no more than intracellular lysis through the agency of the 
immune lysin and complement which would have occurred whether or not 
phagocytosis took place, it now seems probable that the two processes are 
essentially different. 

Bacteria are no exception to the rule that living organisms are not subject 
to attack by digestive enzymes, and the question arises as to whether death 
is a necessary preliminary to ingestion or whether it may occur within the 
phagocyte. It is probable that the viability of the microorganism is not an 
important factor in phagocytosis; in most cases the cell may be engulfed 
whether it is living or dead. In the case of those bacteria which are destroyed 
within the leucocyte, killing is necessary before digestion can take place. 
Killing of a viable organism is accomplished through the agency of endo- 
cellular bactericidal substances which have been designated leukins. These 
®iFenn: The Newer Knowledge of Bacteriology and Immunology. Jordan and Falk. 
University of Chicago Press. Chicago. 1928. p. 861. 

The process of phagocytosis is discussed at length by Mudd, McCutcheon and 
Lucke: Physiol. Rev., 1934, 14:210. 

Baldridge and Gerard: Amer. Jour. Physiol., 1933, 105:235. 

Gordon and Atkin: Brit. Jour. Exp. Path., 1938, 19:204. 
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substances are not equally active on all species of bacteria, some micro- 
organisms remaining viable within the phagocyte over considerable periods 
of time. The ingested bacteria are protected against the action of immune 
serum, i.e., bactericidal or lytic antibodies, and this is possibly of some 
significance in the dissemination of bacteria within the host in the event 
that they remain viable and are later freed from the leucocyte.^^ Leuco- 
cytes have been shown to contain a variety of digestive enzymes, including 
proteases, lipases and various carbohydrate-splitting ferments which are 
presumably responsible for the actual dissolution of the bacterial cell. 

The Nature of the Opsonic Activity . — The opsonins are true antibodies in 
that they are increased by immunization and exhibit the specificity char- 
acteristic of the immune antibodies. The activity is, like that of the lytic 
sera, made up of two components, one thermostable and the otlier ther- 
molabile. The thermolabile component is present in normal serum and the 



Fig. 30. — The phagocytosis of typhoid bacilli by leucocytes in whole blood. Note 
the enormous numbers ingested by the white cells and the bacilli lying free. Ilasting’s 
stain; X 1200. 


reduced opsonic powers of an inactivated immune serum may be restored 
by the addition of a small amount of normal serum. In this and other 
respects the thermolabile component of opsonin strikingly resembles com- 
plement and in the past has been assumed by many to be identical with 
this component of the lytic system. It has never been possible, however, to 
establish this identity by unequivocal experiment and there is some evi- 
dence suggesting that the two substances are not identical. For example, 
the fourth component of complement has been reported®® to be necessary 
to the lytic reaction but not required for opsonization. It appears, then, 
that complement and the thermolabile element of opsonin, while resem- 
bling each other closely in many respects, may not be regarded as iden- 
tical.®7 

Rous and Jones: Jour. Exp. Med., 1916, 2.?;601. 

Gordon, Whitehead and Wormall: Jour. Path, and Bact., 1929, 52:57. 

See also Ecker, Pillmer and Kuehn: Jour. Immunol., 1942, 45:245. 
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There is some question as to whether the thermolabile factor is essential 
to phagocytosis, for experimental evidence has been presented®® which 
indicates that while the thermolabile factor contained in normal serum 
markedly accelerates the rate of phagocytosis, approximately the same 
number of bacteria are ingested at the end of eight horns by phagocytes in 
the presence of heated serum alone. 

Agglutinins.^ — If the blood or serum of an animal previously immun- 
ized against a bacterium be mixed with a suspension of the microorganisms, 
the latter become immobilized and in a short time aggregate to form large 
clumps of cells. In the test tube these clumps settle out, and the turbid 
bacterial suspension is cleared with the formation of a precipitate-like mass 
of clumped cells in the bottom of the tube. This phenomenon is termed 
agglutination and the bacterial cells are said to be agglutinated. The bacteria 
are not killed by agglutination and will, in fact, grow in immune serum 
although with altered morphology and the formation of long chains of 
bacillary forms — the so-called “thread reaction’^ of Pfaundler. Living bac- 
teria need not be used for the agglutination reaction, for dead bacteria are 
agglutinated as readily as the viable forms. 

Although many species of bacteria may be clumped by “normal” sera 
in low (1 : 5 to 1 : 10) dilutions, the capacity of a serum to agglutinate 
bacteria is greatly enhanced by immunization; high-titered antisera may 
be prepared which will bring about agglutination in dilutions of 1 : 20,000 to 
1 ; 50,000. The agglutination reaction is, then, an antigen-antibody reac- 
tion and the antibody is designated an agglutinin. The antigen is sometimes 
termed an agglutinogen. The agglutinin does not require the cooperation of 
complement or other heat-labile substances and inactivated sera will 
agglutinate to^ titer. 

Not only bacteria but a variety of free cells, including erythrocytes and 
others, are agglutinated by normal and immune sera. The incompatibility 
of human blood groups is a consequence of the presence of hemagglutinins. 
Hemagglutinins are also formed by some bacteria and may possibly be 
instrumental in the formation of the thrombi observed in the blood vessels 
after death from certain of the infectious diseases. 

Like the other immunological reactions, agglutination is highly specific, 
an antiserum agglutinating only the homologous antigen. Unlike the lysins 
and opsonins, however, the activity is heat-stable and the antibody does 
not require the cooperation of a heat-labile component. The reaction may 
be observed microscopically by mixing a suspension of bacteria and diluted 
antiserum on a slide but is most commonly carried out by mixing the two in 
0.5 to 1.0 cc. amounts in small test tubes and observing the formation of a 
precipitate. In the latter instance, varying dilutions of serum (frequently 
prepared in geometrical progression by mixing with an equal amount of 
physiological salt solution, f.e., 1 : 10, 1 : 20, 1 : 40, 1 : 80, etc.) are added 
to the bacterial suspension and incubated at 37° C. over night or at 55° C. 
for two hoxrrs. The highest dilution showing observable flocculation is taken 

Ward and Enders. Quoted by Zinsser, Enders and Fothergill: Immunity Principles 
and Application in Medicine and Public Health. The Macmillan Company. New York- 
1939. p. 315. 
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as the titer of the serum; a serum showing agglutination in a dilution 
of 1 : 10,000 but not in 1 : 20,000 is said to have an agglutinin titer of 
1 : 10,000. Such titers are variable to some degree depending upon the den- 
sity of the bacterial suspension and other factors; light suspensions, for ex- 
ample, showing only a faint turbidity to the eye will give higher agglutinin 
titers than heavy suspensions. 

Gross Reactions , — Although the agglutination reaction is highly specific, 
certain cross reactions between closely related bacterial species are fre- 
quently observed. Such reactions are attributable not to a lack of immuno- 
logical specificity but to the immunological heterogeneity of the bacterial 
cell. As indicated above, the cell is made up of a variety of antigenic com- 
ponents, an “antigenic mosaic.” Clearly, then, if the same component is 
present in each of two species of bacteria, an antiserum prepared against 
the one will agglutinate the other but generally to a reduced titer, i.c., 
only in the lower serum dilutions. This sharing of’ antigenic components 
and the resulting cross reactions are particularly common among the para- 
typhoid {Salmonella) and dysentery bacilli. The agglutinins responsible for 



Fig. 31. — ^The macroscopic agglutination test — flagellar agglutination of Salmonella. 
The control tube, C, contains bacterial suspension but no antiserum. Successive dilutions 
in the numbered tubes are 1:100, 2:200, 1:500, 1;1000, 1:2000, 1:5000, 1:10,000, and 
1:20,000. Note agglutination in 1:10,000 but notin 1:20,000. 


such cross reactions are sometimes referred to as “group agglutinins” and 
the phenomenon as “group agglutination.” 

Agglutinin Absorption . — ^The direct demonstration of the antigenic het- 
erogeneity of a bacterium and the consequent multiple antibody content of 
its homologous antiserum are made possible by agglutinin absorption. If a 
heavy suspension of bacteria is prepared in diluted (commonly 1 : 50) anti- 
serum, incubated for two to three hours, and centrifuged, the supernatant 
diluted serum will be found to have lost its ability to agglutinate the bac- 
terium with which it was absorbed; the agglutinins for that microorganism 
have been taken up by the bacterial cells, leaving other agglutinins intact- 
In practice it is necess6uy to absorb two or three times and, since the phe- 
nomenon is an adsorption, it is not always possible to remove completely 
the agglutinins in question. 

This preferential absorption makes possible the breakdown of the anti- 
genic mosaic of the bacterial cell into component parts. For example, an 
antiserum prepared against a bacterium containing antigens A, B and C 
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will contain antibodies a, h and c. If such an antiserum is absorbed by a 
second bacterium which contains antigens B and C, antibodies 6 and c will 
be removed leaving a intact, and the antiserum will still agglutinate its 
homologous bacterium. Suppose an antiserum is prepared against the 
second bacterium which will contain ^tibodies h and c. If this serum is 
absorbed by the bacterium containing antigens A, B and C, it will no longer 
agglutinate its homologous antigen, for all the antibodies will have been 
removed. Clearly, then, the complete absorption of a known serum by an 
unknown organism does not indicate that the unknown organism is neces- 
sarily immunologically identical with that with which the known serum 
was prepared; to prove such immunological identity a “mirror absorption” 
must be carried out, i.e., each antiserum absorbed with each organism. 

The agglutination test and agglutinin absorption, although used to some 
extent in the diagnosis of infectious disease (as in the Widal test in which 
typhoid bacilli are mixed with patient’s serum), have been found partic- 
ularly valuable in the study of the relation of bacterial species to one 
another and in some instances, as in the case of the Salmonella (Chapter 
19), complex antigenic formulae have been worked out. The determination 
of the components of the antigenic mosaic of a bacterial species is termed 
antigenic analysis. 

The Prozone Phenomenon. — It is not infrequently observed that immune 
sera showing high agglutinin titers fail to agglutinate the homologous bac- 
teria in low dilutions, i.e., 1 : 100 or less. This portion of the dilution range 
is designated as the prozone or proagglutinoid zone. Prozones, although 
occasionally observed with fresh sera, are more common and extend over a 
wider range with old or heated sera. Heating or aging presumably alters 
the physical state of the antibody in such a way that after adsorption on the 
bacterial cells it acts as a protective colloid and prevents clumping. That 
some such alteration has occurred is indicated by the differential filterability 
of agglutinin and agglutinoid; agglutinin is filterable through Berkefeld 
filters, while agglutinoid is held back. 

“iJ” and “0” Agglutination. — A number of bacterial species, particu- 
larly Salmonella, Proteus and certain others, may agglutinate in one of two 
ways. Macroscopically the “H” agglutination gives rise to a loose, floc- 
culent precipitate, and upon microscopic examination it may be observed 
that the bacterial clumps are loose, the flagella of the microorganisms being 
entangled with one another. The “O” agglutination, on the other hand, 
produces a finely granular precipitate in which the individual bacterial cells 
are closely packed together. These types of agglutination have been shown 
in micromotion pictures by Pijper.^® They are a consequence of the presence 
or absence of the flagellar, heat labile “H” antigen. Immunization with the 
whole bacterial cell containing both flagellar and somatic antigenic com- 
ponents gives rise to antisera containing both types of antibody, the “H” 
generally in high titer while the “O” antibody is commonly active in 
dilutions of less than 1 : 1000. 

Spontaneous Agglutination. — Some strains of bacteria do not form stable 
suspensions and are said to be spontaneously agglutinable. This behavior 
Pijper: Jour. Bact., 1941, 42:395. 

10 
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is particularly characteristic of rough valiants and, although not, an 
immunological phenomenon, is frequently of pi‘acti(*al impoi tuTicc in 
agglutination studies. 

The Mechanism of Agglutination.^^— The clumping ol bac(,erm under the 
influence of immune serum may be taken as evidence per se that a force 
attracting the cells to one another is operative at least at times. Similarly, 
the fact that bacteria are not in a constant state of agglutination is indic- 
ative of a force which tends to hold the cells apart from one another. The 
attractive or cohesive force is probably that of surlace tension, i.e., the 



Fig. 32. — ^The immune response in the rabbit to the antigenic complex of Salmonella 
hrandenburg. Upper left, H and O agglutinin titers, showing the usual marked discrep- 
ancy between the two. Lower left, the differential response to tlie two components of 
the O antigen. Upper and lower right, the response to the components of the If tmtigen. 
Note the independent behavior of the antibodies as indicated by variation in pesak titers. 
All titers determined by direct agglutination of heterologous antigens without agglu- 
tinin absorption. 

interfacial tension at the cell surface, and the repulsion that of like electrical 
charges, for, as pointed out previously, bacteria are negatively charged at 
pH’s compatible with viability. On the basis of such reasoning it would 
appear that the balance between these opposing forces determines whether 
the microorganisms will form a stable suspension or whether they will 
clump together and settle out. 

It was early observed®’ that the presence of an electrolyte is essential to 
For the literature to 1919 see Buchanan: Jour. Bact., 1919, 4:73. 

Bordet: Ann. Inst. Pasteur, 1899, i 3:225. 
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agglutination; if both immune serum and bacterial suspension are dialyzed 
free of salt before mixing, the cells are not agglutinated, but if a trace of 
salt is added to the mixture, agglutination t€ikes place at once. This be- 
havior, it will be seen, corresponds to that of a mixture of two colloids of 
opposite charge, such as gum mastic and gelatin, when the one is added in 
too small an amount to precipitate in the absence of salt. That the repelling 
effect of electrical charge is an important factor is also indicated by the 
agglutination of bacteria in the absence of antibody when the pH is lowered 
to the isoelectric point of the cells, a phenomenon termed acid agglutination. 
It was formerly thought that bacterial species might be sharply differen- 
tiated from one another on the basis of the pH of their acid agglutination, 
but this has not proved to be true.®^ 

The agglutination of bacterial cells is, however, a function not only of 
electrical charge on the cells but also of the cohesive forces tending to draw 
them together. The studies of Northrup and DeKruif®® in which both poten- 
tial difference (between the cells and the suspending medium) and cohesive 
force were directly measured have shed considerable light on the mechan- 
ism of agglutination. These workers found that electrolytes in low concen- 
tration (0.01 N) affect primarily the potential, and in high concentration 
also decrease the cohesive force. If the cohesive force is not affected, agglu- 
tination occurs when the potential is reduced below the critical point of 
15 millivolts. If, however, the cohesive force is decreased, the critical poten- 
tial is also decreased and, therefore, in concentrated salt solutions aggluti- 
nation does not take place even though there is no measurable potential. 
Immune serum, presumably adsorbed on the surface of the bacterial cells, 
while reducing the charge somewhat, appears to function by preventing the 
salt from decreasing the cohesive force, and agglutination occurs at the 
critical point of 15 millivolts. Furthermore, if the potential difference is 
reduced by electrolyte to 15 millivolts or less in a bacterial suspension, the 
addition of immune serum raises the reduced cohesive force and aggluti- 
nation takes place. Examination of typhoid bacilli by the electron micro- 
scope in the presence of immune serum has shown that the flagella become 
thickened by the deposition of -an antibody film approximately 21 A. 
thick and the cell walls become more opaque and less definite in outline. 
The serum-sensitized surfaces appear to be sticky, not only for one another, 
but also for other particulate matter.®^ 

Precipitins. — The mixture of an immune serum prepared against a sol- 
uble antigen, such as egg albumin, with its homologous antigen results in 
the formation of a precipitate. This phenomenon is termed the precipitin 
reaction and the antibody a precipitin,\th.e antigen is sometimes designated 
as a precipitinogen. The physical state of the antigen used for immunization 
is not of particular importance; antibacterial sera, for example, will give 
precipitates when mixed with preparations of the soluble cell substance of 
the microorganisms, and precipitins' may almost always be demonstrated 
in lytic, antitoxic, opsonic and agglutinating antisera. It has been found in 

For a summary of the literature see Gouwens: Jour. Inf. Dis., 1923, 3J:113. 

Northrup and DeKruif: Jour. Gen. Physiol., 1922, 4.*639, 655. 

Mudd and Anderson: Jour. Immunol., 1941, 42:251. 
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the first instance that the precipitate will fix complement and the floc- 
culation of toxin-antitoxin mixtures has been referred to above. Like 
agglutination, precipitation does not occur in the absence of electrolyte 
and does not require the presence of heat-labile substances such as com- 
plement. 

In contrast to the agglutination test, the precipitin test is carried out 
with undiluted, or only slightly diluted, serum but the antigen solution is 
diluted in series. The reagents may be mixed in the usual way, or the anti- 
serum may be pipetted into very small test tubes and the solutions of 
diluted antigen carefully layered on top with no mixing. In the first instance 
a precipitate is formed which settles out like agglutinated bacteria, while 
in the second a precipitate forms at the interface between serum and anl igen 
solution. The latter test is termed a “ring test.” The end-point of cither test 
may be taken as the highest antigen dilution with which the scrum forms 
an observable precipitate and the titer of the serum given in tlieso terms. 
Potent antisera may have extremely high titers, precipitating antigen in 
dilutions of 1 : 100,000 to 1 : 5,000,000. A more accurate measure of the 
precipitin content of an antiserum, however, is that of the antigen dilution 
in which precipitation first occurs (and generally is heaviest), for it is at 
this point, sometimes termed the equivalence zone, that the antigou-autibody 
ratio is optimal for precipitation. Two such optimal ratios may be dis- 
tinguished, one when the antigen is held constant and the antibody added 
in increasing amounts and the other when the antibody is constant and 
antigen is added. The two are not necessarily identical, as might be ex- 
pected, although very nearly so in the Ramon flocculation, in which the 
end-point is clearly that of optimum antigen-antibody ratio. In other 
instances the amount of antibody required for most rapid floccula tion when 
the antigen is kept constant may be six to eight times as much as when the 
antibody is kept constant. The explanation of this phenomenon lies in 
the variable proportions of antigen and antibody which make up the 
precipitate, as will appear in a later section. 

The precipitate formed consists of antigen and antibody in variable 
proportions depending, upon the relative amounts of the reacting sub- 
stances- The antigen is diluted rather than the antiserum because relatively 
large amounts of antibody are required. As in the agglutination reaction, 
antibody is adsorbed on to the surface of the antigen, but, since the antigen 
molecules are much smaller than the bacterial cells, the surface to be cov- 
ered is proportionally greater and consequently large amounts of antibody 
are required. It follows, of course, that the proportion of antibody to an tigen 
is much greater in the precipitate formed than in agglutinated bacteria,®'^*' 
The mechanism of the precipitin reaction is probably essentially that of 
agglutination, molecules instead of bacteria being clumped. It will be 
discussed at greater length in a later section. 

The close relation between the precipitation and agglutination reactions 
is indicated by the agglutination by a precipitating antiserum of particles 
of inert material, such as collodion, upon which the antigen has been ad- 
sorbed. These particles then behave as particles of antigen and may be set 
C/. Zdnsser: Jour. Immunol., 1930 , ^^.* 483 . 
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up with serial dilutions of antiserum as in the agglutination test.®^ Goodner®® 
has carried out the reaction in the reverse by adding collodion particles to 
the antigen-antibody mixture, the complex being adsorbed and the particles 
agglutinated; he has called this “collodion fixation.” 

The precipitin reaction occurs not only between antibody and complete 
antigen but also with some partial antigens or haptenes. An antipneumo- 
coccus serum, for example, will react not only with a solution of the pneu- 
mococcus cell substance but also with pure capsular polysaccharide. When 
the haptene is of high molecular weight, as in the case of the polysaccha- 
rides, a visible precipitate is formed, but when it is a simple compound such 
as an organic acid or monosaccharide no observable precipitate appears. 
The reaction between antibody and such haptenes may, however, be shown 
by the fact that antisera treated with haptene will no longer precipitate 
the complete antigen; the antibody has already reacted with the partial 
antigen. The development of knowledge of the haptenes has made possible 
quantitative studies on the antigen-antibody reactions ; when both reacting 
substances are proteins the two cannot be distinguished by chemical 
methods in a precipitate, but if the one be a polysaccharide and the other 
a protein, the reacting substances are readily differentiated and determined 
by ordinary analytical methods. 

The precipitin reaction, like the other immunological reactions, is highly 
specific, but cross reactions are observed between chemical] y similar anti- 
gens that are analogous to “group agglutination.” Such cross reactions 
occur between antisera for the blood proteins of man, chimpanzees, gorillas 
and various species of monkeys. An antihuman serum prepared by im- 
munizing a monkey, however, does not show cross reaction with that 
monkey’s serum. Other immunological relationships, such as those between 
the caseins of various animal species, the egg albumins, etc., appear in the 
precipitin reaction also. In most instances, however, the differentiation is 
sharp, or may be made so by the use of slightly diluted sera, and the sim- 
plicity and accuracy of the precipitin test has resulted in its frequent use 
in forensic medicine. The differentiation between chicken blood and human 
blood by the precipitin test in a case of suspected murder, for example, has 
the highest standing as evidence in court. 

The studies of Landsteiner and others on the chemical basis of the speci- 
ficity of antigens, which have already been discussed, have made use of the 
precipitin reaction almost entirely, and the similarities of molecular struc- 
ture of antigens or the immunologically determinant groups provide a 
sound basis for the understanding of cross reactions. 

Ablastin. — The existence of an antibody which inhibits the reproduc- 
tion of an invading microorganism was postulated by Ascoli®^ on the basis 
of his experiments with the anthrax bacillus. Similar results were reported 
later by Dochez and Avery®® for the pneumococcus which suggested that 

Cannon and Marshall: Jour. Immunol., 1940, SS:365. 

Goodner: Science, 1941, 94:241. 

Ascoli: Ztschr. f. physiol. Chem., 1906, 45:220; Centralbl. f. Bakt., Aht. II, 1908, 
46:178. 

Dochez and Avery: Jour. Exp. Med., 1916, 25:61. 
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immune serum temporarily inhibited the multiplication of these organisms 
and depressed their proteolytic and glycolytic activities. This elFect was 
attributed to ‘‘antiblastic” or reproduction-inhibiting antibodies present 
in the immune serum. In reported experiments with bacteria, however, the 
results may be interpreted in other ways, and the existence of an ablastin 
for bacteria has not been conclusively demons tra ted. 

A reproduction-inhibiting antibody developed in response to invasion 
with certain of the parasitic protozoa, trypanosomes, was indepemlently 
discovered by Taliaferro. In this case the activity of the antibody was 
sharply differentiated from that of coexisting lysin and was demonstrable 
directly by cessation of cell division and indirectly in terms of variability 
in size of the microorganisms, i. e., in a population of rapidly reproducing 
organisms the size of the individual cells is subject to wide variation whereas 
size is relatively constant in a population consisting en tirely of adult forms. 
It is not necessary, however, to postulate the existence of an antibody 
which specifically inhibits reproduction for the consequences of the utiion 
of antibody with the antigen of the living microorganism may well be suc;h 
as to inhibit normal physiological functions including those assotnated with 
growth and cell division. For example, Nipposirongylus larvae in and about 
which immune precipitates have been formed are stunted and immobilized. 

Perhaps related to ablastins are the ‘"non-absorbable” antibodies which 
have been demonstrated in certain worm infections. CampbelF’ has found 
that antibodies to the larval tapeworm, Cysticercus crassicoULs\ pres(uit 
during the later stages of infection, cannot be absorbed from the serum by 
treatment with the parasites. He regards these nonabsorbable pi-otcHdive 
substances as antienzymes, whose presence interferes with the pro( jesses 
of growth and reproduction, but which are not absorbed because the 
antigen is elaborated only by actively metabolizing cells and is not present 
in those which are physiologically quiescent. Possibly to be regarded in the 
same light is the precipitin present in convalescent yellow fever serum 
which reacts with yellow fever serurh taken during the acute stage of the 
disease but not with the virus. This phenomenon, however, has been 
interpreted by some as indicative of the presence of a “pathological pro Lein” 
in yellow fever. Avery and his co-workers^^ have observed a similar protein 
which appeared in the blood of human beings and of monkeys in various 
etiologically unrelated infections, and which formed a precipitate with the 
C substance (somatic polysaccharide) of pneumococci. Serum showing this 
activity has been called “acute phase serum.” 

Neutralizing Antibodies. — In the light of the capacity of an immune 
serum to lyse, kill or sensitize bacteria to phagocytosis, it follows that the 
injection of a suspension of pathogenic bacteria in homologous immune 
serum may have less serious consequences to the susceptible animal than 

Cf. Blake: Jour. Exp, Med., 1917, 2S:56S; and Bordet: Gompt. Rend. Soc. de Biol., 
1931, W8:752. 

^0 Cf. Taliaferro: Amer. Jour. Hyg., 1932, i6:^2, 

Campbell: Jour. Immunol., 1938, 35:195, 205, 465; Jour. Inf. Dis., 1939, 65:12. 

Hughes: Jour. Immunol., 1933, 25:275. 

Avery, Abernathy and MacLeod: Jour. Exp. Med., 1941, 73:115 el sea. See also 
Lofstrom: Brit. Jour. Exp. Path., 1944, 25:21. 
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the inoculation of the bacteria alone. Since the usual serological reactions 
may be carried out with the filterable viruses only at considerable incon- 
venience owing to difficulties in the preparation of the antigen and the like 
(p. 798), it has become customary to evaluate the antibody content of anti- 
viral sera in terms of their neutralizing capacities, i. e., ability to prevent 
infection when injected with the infectious material. This technique is, 
however, not confined to the filterable viruses, for the “protective titers” 
of certain antibacterial sera, as, for example, in studies on the efficacy of 
typhoid immunization (p. 410), have been found a more satisfactory 
measure of antibody content than the measurement of agglutinin, precipitin 
or other single antibody titers. It is becoming more. and more generally 
used as a method of assay of the potency of antisera. 

In practice, varying amounts of immune serum are mixed with a constant 
amount of bacterial suspension or infectious material and injected into 
susceptible animals either with or without a period of preliminary incu- 
bation. In this way a crude approximation of the neutralizing or protective 
capacity of an immune serum can be made. 

Whether the “virus neutralizing” or “protective” capacity of an immune 
serum can be accounted for on the basis of the combined activity of the 
other known antibodies or whether other factors are involved is open to 
question. Since, however, the differentiation of the kinds of antibodies 
from one another is largely a matter of the technique by which the antigen- 
antibody reaction is demonstrated, as will appear, the neutralizing or pro- 
tective action of an immune serum which is not identical with precipitin, 
agglutinin or other antibody is legitimately regarded as a separate antibody. 

The Nature of Antibodies. — The question of the nature of the anti- 
bodies is one of no small practical as well as theoretical importance. These 
substances are intimately associated, if not identical, with the globulin 
fraction of the serum proteins and may be separated from the other serum 
constituents, sometimes by simple dilution with distilled water but more 
commonly by some salting out procedure. With one or two exceptions, the 
range of salt concentration over which they are precipitated is broad and 
not sharply defined. Attempts to further differentiate the active fraction 
into euglobulin and pseudoglobulin have not been successful, the antibody 
appearing sometimes in the one, sometimes in the other and not infre- 
quently in both, depending upon the animal immurdzed. Electrophoretic 
fraction of serum globulin in the Tiselius apparatus, however, allows the 
separation of three components on the basis of mobility. These axe desig- 
nated a-globulin, /^-globulin and r-globulin in order of decreasing mobility. 
Antibody appears to be associated almost exclusively with the y-globulin 
fraction, though /S-globulin may occasionally show some activity. Probably 
the purest antibody preparations have been those obtained by dissociating 
antigen-antibody precipitates, the antibody having been previously puri- 
fied by salting out; about 0.01 mg. of globulin per unit of diphtheria anti- 
toxin is precipitated by toxin. Northrup^® has prepared crystalline diph- 
theria antitoxin which appears to be a pure protein, crystallizing in thin 

Cf. Zittle: Jour, Immunol., 1943, ^7:97, 

Northrup: Proc. Amer. Phil. Soc., 1941, 55:13. 
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plates and containing 700,000 to 1,000,000 antitoxic units per gram. Tt has 
not been possible as yet, however, to separate antibody IVoin serum glo- 
bulin and, in spite of older reports of the preparation of non-pT*otciii anti- 
body solutions, present evidence justifies the current belief that antibodies 
are modified serum globulin. The physical and chemical properties of anti- 
bodies are, then, those of globulin- More precise knowledge is obviously 
directly dependent upon the state of knowledge of protein chemistry, 
whose present unsatisfactory nature is indicated by the feeling on the part 
of a number of competent investigators that the serum proteins, including 
globulin, do not exist as such in the body but, are artifacts arising as a 
consequence of laboratory manipulation. 

If antibodies are to be regarded as modified serum globulin, nature 
of the modification, z. e., the differences between immune and normal scrum 


globulin, is of considerable interest. Unfortunately these diffcreiu'cs are 
expressed chiefly in the ability of the modified globulin to combine with the 
antigen, for, in spite of intensive study, there appear to be no consistent 
differences in physical and chemical properties between the two (see p. 282). 
Exception must be made in the case of resistance to the aedion of pro- 
teolytic enzymes; the immune globulin appears to he considerably the more 
resistant to enzymatic hydrolysis.*^® 

^ Antibody Formation . — The Breinl-Haurowitz theory’'^ of antibody forma- 
tion postulates that some antigen remains within the antibody- forming (;ell 
to provide a template or pattern for the synthesis of specific antibody. On 
this basis Pauling^s proposed, on purely hypothetical grounds, a theory of 
the structure and process of formation of antibody. He has suggested that 
if the normal globulin molecule is formed by the coiling of peptide (jhains 
after their synthesis, the surface character of the molecule could be deter- 
mined in the process of coiling. In the presence of the antigen temf)Ial(^ the 
peptide chain is coiled in such a way as to give a surface pattern of elec- 
tronic van der Waals forces complementary to the pattern of the deter- 
minant group of the antigen molecule (see p. 282). Dissociation of the 
antigen-antibody complex frees the antigen to act as a template for the 
formation of another antibody molecule, and so on. Immune globulin 
would, therefore, differ from normal globulin only with respect to the 
manner of coiling of the peptide chains. 


This theory is susceptible to test for normal globulin may be denatured 
slowly by heat, alkali, etc., to uncoil the peptide chains; then if it is rc- 
natured in the presence of the antigen, the recoiling should be oriented 
with respect to the antigen. This kind of experiment has been carried out 
by^ Pauling and CampbelP® who denatured ox T-globulin by heating to 
57 "^ G. for eleven to fourteen days in the presence of 1,3-dihydroxy 2,- 
4,6-tri(p-azophenylarsonic acid) benzene or pneumococcus Type III poly- 
saccharide. After removal of the “antigen,” the globulins gave specific 
76TMs has been made the basis of a method of antibody purification by partial cn- 
zymatic digesUon of immune serum patented by Parfentjev: U. S. Patent Office, Appli- 
cation Oct. 9, 1934, Serial No. 747532, Patented, Dec. 22, 1936, 2065:196. 

^^Breinl and Haurowitz: Ztschr. f. physiol, Ghem., 1930, i 92:45. 

Pauling: Jour. Amer. Chem. Soc., 1940, 62:2643. 

Pauling and Campbell: Jour. Exp. Med., 1942, 76:211. 
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precipitin reactions and in the second instance specifically agglutinated 
Type III pneumococcus but only in very low dilution. These observations 
provide strong support for the theory and are especially notable because 
they are the first demonstration of antibody formation in vitro. 

Consistent with the intimate relation of antibody and serum globulin 
is the increase in serum globulin, especially 'y-globulin, on immunization. 
This increase in general appears to take place at the expense of serum 
albumin, which is decreased, but in some cases the reduction in albumin 
does not occur and the total serum protein increases to as much as 15 per 
cent. Not all of the new globulin is antibody, however, for less than one- 
half is capable of reacting with antigen. It is of some interest that large and 
small antibody molecules are produced, depending upon the animal species 
immunized; those from the horse, cow and pig are large with molecular 
weights of 910,000 to 930,000, while those formed by man, monkey and 
rabbit are considerably smaller with molecular weights of 156,000 to 
196,000.^0 

The ‘‘^UnLitarian” Hypothesis, — It was originally supposed by Ehrlich 
that the various demonstrable antibodies — antitoxins, agglutinins, pre- 
cipitins and the like — are separate, distinct and independent substances, a 
concept that is apparently supported by discrepancies in the titer of one 
antibody and that of another in a given immune serum. The essential 
similarity of the agglutination and precipitation reactions was, however, 
early apparent, and with increasing knowledge it has become clear not only 
that it is unnecessary to postulate a multiplicity of antibodies but that the 
weight of experimental evidence suggests that a pure antigen stimulates 
the formation of but a single antibody. This essential identity of the various 
antibodies has been urged by a number of workers, and by Zinsser^^ in 
particular, in what is known as the Unitarian hypothesis. 

The basic feature common to all the immunological reactions is the union 
of antigen and antibody and, according to the Unitarian hypothesis, this 
antibody is the same regardless of the consequences of union, which are, of 
course, variable and dependent upon the nature of the antigen and the 
conditions under which the reaction takes place. After union with antibody 
the antigen is sensitized to the lytic action of complement, is able to fix 
complement, is rendered susceptible to phagocytosis or is agglutinated or 
precipitated. The outcome is a consequence of the physical state of the 
antigen, i.e., whether it is cellular, particulate or in solution, and of the 
particular consequences of union the experiment is designed to show, i.e., 
whether the test is one of complement fixation, agglutination, etc. Instances 
of this have already been noted, such as the precipitation of toxin by 
antitoxin in the Ramon flocculation, the agglutination of antigen-coated 
particles by precipitating sera, the fixation of complement by precipitates 
from the precipitin reaction and hemagglutination in the absence of com- 
plement. 

The Unitarian concept postulates only that each antigen gives rise to a 
single antibody; a multiple antigen such as a bacterial cell will, of course, 

Cf, Rabat; Jour. Exp. Med., 1939, 69:103. 

Cf. Zinsser: Jour. Immunol., 1921, 6:289. 
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stimulate the formation of a series of antibodies, one for each of the ini- 
munologically active constituents of the cell. Discrepancies in antibody titer 
of antibacterial sera may, then, appear without invalidating the concept 
of the unity of antibodies; the flagellar agglutinins for the typhoid bacillus, 
for example, may have quite a different titer from that of precipitins for 
the cell substance. Similar discrepancies in complement-fixing and pre- 
cipitin titers of antisera for pure antigens, such as egg albumin, in which 
only a single antibody is concerned, are explained by the fact that antigen- 
antibody ratios optimal for complement fixation are not optimal for 
precipitation. 

The evidence for the essential identity of what were at first regarded as 
distinct antibodies for a single antigen is indeed impressive, and the Uni- 
tarian hypothesis may be regarded as substantially in accord wil.h the facts. 

THE ANTIGEN-ANTIBODY REACTION 

The mechanism .of the antigen-antibody reaction has ah'eady been 
touched upon briefly in the preceding sections. The reaction between these 
two substances may be considered here, however, at somewhat more length 
and in general terms. 

It will already be apparent that the antigen-antibody reaction appears 
to take place in two separate and distinct stages, the first in which the two 
combine and the second in which the consequences of that union appear as 
agglutination, precipitation and the like. In mixtures the two processes 
undoubtedly go on at the same time; it is not necessary that the lirst pro- 
ceed to completion before the second may be initiated. Direct evidence of 
such a two-step reaction is found in the union of antibody with simple 
haptenes, in which the former is saturated and unable to react fur ther with 
complete antigen even though no second stage is observable. The theo- 
retical aspects of this union are concerned not only with the actual rnccdian- 
ism of union but also with the attributes of antigen and antibody that make 
possible their reaction with one another. 

The only comprehensive formulation of the theoretical aspects of im- 
munology is that of Ehrhch,82 a formulation which has constituted the 
theoretical basis upon which a vast amount of experimental work has 
rested. Let us consider Ehrlich’s basic concept, first as it was developed, 
and second in the light of present knowledge. 

Ehrlich’s Receptor Theory. — Ehrlich’s attempt to develop a theoret- 
ical basis for the explanation of the immunological phenomena has been 
touched upon briefly in connection with the antitoxins. The theory he 
developed, however, is not confined to the toxin-antitoxin reaction but is 
a general one of immunity in the broad sense. 

The receptor theory rests upon the basic assumption that the various 
cells of the animal body obtain their nutriment from the blood or lymph 
m which they are bathed through the agency of localized cell substances, 
the cell receptors, which have combining affinities with food substances. The 
receptors may be regarded as bearing the same relation to the main body 
of the cell (Leistungskern) that the side chains of complex molecules bear 
^ Ehrlich: Studies on Immunity. New York. 1906 . 
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to the central molecular nucleus; hence the receptor theory is sometimes 
known as the side chain theory. These receptors may be of simple constitu- 
tion, adapted to the taking up of relatively simple substances, or they may 
be highly complex and capable of anchoring large and complex protein 
molecules. Each cell may, of course, contain a large number of receptors 
of different affinities and degrees of complexity. 

It is plausible to assume that when bacteria or other alien cells or their 
products are introduced into the body, the combining affinities of certain 
receptors may be satisfied by bacterial substances just as by similarly con- 
stituted food molecules. The anchoring of toxic substances, however, un- 
like that of food substances, is followed by damage to the cell and loss of 
the particular side chadn or receptor that unites with the toxic element. 
When injury to the main body of the cell is not carried too far, repair can 
take place and the receptors be regenerated. In keeping with the principle 



Fig. 33, — Diagrammatic representation of Ehrlich’s receptor theory. 

enunciated by Weigert regarding the regeneration of tissue cells, there is a 
tendency in the regeneration of lost parts, in this case receptors, to over- 
compensate, and the free receptors formed in excess of the needs of the cell 
are discharged into the blood stream. These free receptors are the antibodies, 
the antitoxins, agglutinins, lysins and the like. They differ in complexity. 
The simplest, or receptors of the first order (see Fig. 33), are those which 
combine with toxin and, when free, constitute antitoxin; receptors of the 
second order are somewhat more complex and axe functional in aggluti- 
nation and precipitation ; receptors of the third order are still more complex 
and function in the lytic reactions in which complement plays a part. 

Similar representations of the antigenic substances and of complement 
necessarily follow in this concept of the nature of the immune bodies. 
Toxin, for example, is assumed to be a relatively simple substance with two 
functional parts, a haptophore which unites with the receptor and a toxo- 
phore^ which exerts the poisonous effect of the substance. In this termi- 
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nology, toxoid would be regarded as toxin in which the toxophore portion 
is inactivated or destroyed. 

The mechanism of the reaction of the antibodies with their respective 
antigens is apparent from the foregoing considerations. The union ol toxin 
and antitoxin is the simplest type, the haptophore group uniting specific- 
ally with the corresponding portion of the free receptor or antitoxin mole- 
cule and the toxophore group being neutralized in that it is prevented from 
exerting its action on the cell. Agglutination is much the same so iar as the 
union of antigen and antibody is concerned, but the presence of the zymo- 
phore group brings about clumping. In the case of complement fixation it 
is assumed that the receptor of the third order, after breaking off as indi- 
cated in Fig. 33, functions as a sort of bridge or intermediary body {Zwi- 
schenkorper) which unites with complement at one end and with antigen 
at the other, thus sensitizing the antigen to the ly tic action of complement. 

It must be emphasized that the graphic representations of the slructure 
of the receptors and antigens were never intended to be other than purely 
imaginary pictures constructed in an attempt to convey a coiKJcpt difficult 
to put into words. The small child’s definition of a cartoon as “a pi(^(,ur*c of 
an idea” may be aptly applied. 

It will be clear that, in its simplest terms, the receptor theory is a plaus- 
ible explanation of immunological phenomena. There is evidence, for ex- 
ample, that the various bacterial toxins are bound in each case to particular 
cells of the organism. The tetanus toxin, when mixed in vitro with emulsions 
of fresh organs, manifests an affinity for different organs in different ani- 
mals. In man, the horse and the guinea pig only the central nervous system 
is able to bind the toxin, a finding in complete accord with the i)ath()logy 
of tetanus. If a mixture of tetanus toxin and guinea-pig-brain emulsion in 
suitable proportions is injected into a susceptible animal, the animal is 
entirely unaffected, just as if tetanus antitoxin (free receptors) had liecui 
used in place of fresh cell substance (cell receptors). Other phenomena ai’c 
equally well explained in terms of this theory. It will be recalled, for ex- 
ample, that complement was early separated into two parts, mid-i)iccc and 
end-piece, a finding in keeping with the postulation of zymophore and 
haptophore portions of this substance. 

Certain inadequacies of the receptor theory were apparent almost from 
the beginning, however, since new knowledge, rather than being predicted 
by the theory, necessitated various modifications. These discrepancues 
arose, for the most part, in connection with the mechanism of the first 
stage of the antigen-antibody reaction and, to some extent, with that of 
the second stage. It will be recalled that the toxin-antitoxin reaction, for 
example, was regarded by Ehrlich as analogous to the neutralization of a 
strong acid by a strong base, a concept that was brought into harmony 
with experimental observation through the postulation of components of 
toxin of varying degrees of avidity for antitoxin. Similar modifications and 
additions, which cannot be considered in detail here, resulted in the course 
of time in an unwieldy structure that became obviously unsatisfactory. 

It may be noted here that the concept of Arrhenius and Madsen of the 
antigen-antibody reaction as analogous to the neutralization of a weak acid 
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by a weak base was, in essence, an attempt to retain much of the receptor 
theory and at the same time account for the Danysz phenomenon and 
related observations as well as the dissociation of antigen-antibody com- 
plexes. 

The Antigen- Antibody Reaction as an Adsorption Phenome- 
non. — In many respects the antigen and antibody solutions are best 
regarded as colloidal systems and the union of these substances as adsorp- 
tion phenomena, physical in nature rather than chemical. This interpre- 
tation has been strongly urged by Bordet and others. Stripped to its 
essentials, such an interpretation means that the Freundlich isotherm®^ 
describes the antigen-antihody reaction with a reasonable degree of accur- 
acy. The successful application of this concept to the first stage of the 
antigen-antihody reaction is well illustrated in the case of the toxin-anti- 
toxin reaction which has been discussed in this connection in an earlier 
section. Similarly, the clumping of bacteria under the influence of immune 
serum, an example of the second stage of the reaction, responds equally 
well to such an interpretation, as has been pointed oqt before. 

The course of events in the antigen-antibody reaction, as seen from this 
point of view, may be summarized briefly; there is first a specific adsorp- 
tion of the immune globulin on the surface of the antigen. The cell or pro- 
tein molecule thus sensitized behaves, not as the unaltered antigen, but as 
a particle of serum globulin. The aggregation of the coated particles in the 
precipitin or agglutination reactions is, then, nothing more than the precip- 
itation of this altered colloid by salt. The sensitized antigen is also capable 
of adsorbing complement whose fixation may or may not be followed by 
lysis as the nature of the antigen permits. The evidence for some such 
mechanism is very strong indeed, and it is highly probable that certain 
phases of the antigen-antibody reactions are essentially manifestations of 
the properties of colloidal systems. This inescapable conclusion led many 
to abandon the receptor theory as entirely outmoded. 

This description of the immune phenomena is by no means entirely 
satisfactory, however, its most glaring deficiency being its inability to 
account for specificity. While the union of antigen and antibody is, in all 
probability, an adsorption reaction, why typhoid antibody is adsorbed on 
the typhoid bacillus and at the same time not on the dysentery bacillus is 
unexplained. In addition to this failure to account for immunological speci- 
ficity, certain minor discrepancies may be observed; there is, for example, 
agglutination dr precipitation over a relatively wide pH range (in the pres- 
ence of electrolyte) instead of a marked optimum at the isoelectric point of 
serum globulin, as might be expected. The adsorption isotherm, further- 
more, does not approach an asymptote, and the antigen-antibody reaction 

^ Bordet: V Immunity Paris. 1920. 

84 The relation between the amount of a substance adsorbed and that remaining in 
solution was given by Freundlich as x (x/m) m = aC”, when x is the amount adsorbed, m 
the surface on which it is adsorbed, C the final concentration of the substance in solu- 
tion and a and n are constants. 

85 Cf. Manwaring: Jour. Immunol., 1926, f2:177; also a chapter by the same writer 
in Jordan and Falk; Newep Knowledge of Bacteriology and Immunology. University 
Chicago Press. Chicago. 1928. 
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shows wide variations from expected values at high concentrations of either 
reagent. These and other minor points are, however, probably of no great 
significance. In general, it may be said that although this adsorption 
theory is thoroughly satisfactory in many respects, it accounts only for 
some, by no means all, of the immunological phenomena. 

The Moder3ti Concept. — As might be expected, the modern concept of 
the mechanism of the antigen-antibody reaction is an outgrowth of the 
theories of Ehrlich and Bordet. The reacting substances are regarded as 
colloids whose union lies in the realm of surface chemistry and is in part 
physical and in part chemical. For purely technical reasons, the observa- 
tions which have led to this concept have been made on the precipitin re- 
action for the most part; a discussion of the present position is, then, best 
carried on in terms of this reaction. 

It is already apparent from the earlier discussion of antigens that im- 
munological specificity may be conferred by a relatively small prosthetic 
group or haptene attached to the large protein molecule. Furthermore, it 
was pointed out that similarities in the structure and configuration of these 
determinant groups are causally related to the immunological behavior of 
synthetic antigens. Immunological behavior means, of course, the ability 
both to provoke the formation of antibodies and to react with them. The 
significance of these observations on immunological specificity to the nature 
of the antigen-antibody reaction will be apparent at this point; the molec^- 
ular structure of the prosthetic group determines whether or not the anti- 
gen and antibody will react. 

There is good experimental evidence, too detailed and extensive to be 
considered here,®® that the union of antigen and antibody is an adsorption 
in which a particular molecular structure is adsorbed with a high degree of 
specificity. It is probable that there is no chemical union (many of the 
determinant groups are not characterized by chemically active radicles) 
but that the adsorption is a consequence of the operation of intermolecular 
forces (secondary valencies) whose specificity lies in the nature of the field 
of force arising from the arrangement of the atoms within the determinant 
group. It is to be noted that the functional structure of the antigen is di- 
rectly known; that a corresponding field of force, of such spatial distribution 
that corresponding active points of antigen and antibody can come into 
apposition simultaneously, is possessed by the antibody is indirectly estab- 
lished by the fact that the two combine and by the structure of the deter- 
minant groups of antigens which show cross-reactions. It may be pointed 
out here that radicles that are mutually replaceable in crystals are immuno- 
logically equivalent. The formation of mixed crystals is, however, the 
severer test, for here all dimensions must fit with a high degree of precision, 
while in the combination of antigen and antibody only two dimensions 
need be oriented. 

The alteration in normal serum globulin which converts it to antibody 
is, then, an alteration in the arrangement of polar forces on the surface of 
the molecule. It is probable that the surface of the normal globulin molecule 

C/. Marrack: The Chemistry of Antigens and Antibodies, Medical Research Council 
Special Report Series No. 230. 1939. Also Heidelberger: Bact. Rev. 1939, 5.-49. 
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presents a mosaic of groups of varying polarity and that some areas are 
well adapted to binding certain molecules. It is plausible to assume that 
relatively slight alterations in the structure of the globulin molecule give 
rise to areas with affinities for considerable areas of certain determinant 
groups, alterations so slight as to be undetectable by the usual means (see 
p. 276). 

„ Valence of Antigen and Antibody. — Both antigen and antibody show 
evidence of heterogeneity with respect to their reaction with one another. 
A given preparation of an antigen, such as pneumococcus polysaccharide, 
contains some antigen that will not combine with antibody, and artificial 
antigens contain only an average number of reactive groups per molecule, 
some of which may have too few to combine. Similarly, the avidity of anti- 
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Fig. 34. — ;Diagrammatic representation of possible arrangements of antigen and antibody 
molecules in the complex. Modified from Marrack.^® 

body is variable, the more avid molecules combining rapidly with antigen 
while the less avid ones combine much more slowly. Antigen and antibody 
may, then, coexist without union if they are so-called modified antigen and 
weak antibody. It is not definitely known what differences are reflected by 
this behavior ; possibly incompletely developed adsorption sites occur. 

The valence of both antigen and antibody has been of some interest, 
especially in connection with the nature of the second stage of the antigen- 
antibody reaction. By analysis of antigen-antibody precipitates,®"^ for ex- 
ample for arsenic when arsenic-containing artificial antigens, are used or for 
total nitrogen in the case of polysaccharide-antibody complex, it is possible 
to determine the maximum number of antibody molecules which combine 
See the review by Heidelberger: Bact. Rev., 1939, 5:49. 
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with a single molecule of antigen. The valence of the antigen appears to be 
a function of the surface area of the molecule; the functional valence of 
ovalbumin of a molecular weight of 40,500 is about 5 to 6, while that of 
thyroglobulin of 650,000 is 30 to 40.®^ These are, of course, minimal values. 
Maximum values are readily obtained in the case of artificial antigens and 
it has been found that 10 to 20 active groups must be introduced inl.o the 
molecule. Not all of such a maximum number of active groups ai‘e fane tional 
in the reaction with antibody, for when they are too close together the anl i- 
body molecules get in one another’s way to prevent complete utilization, a 
phenomenon termed steric hindrance. 

The valence of the antibody molecule has been the subject of some dis- 
cussion which cannot be considered at length here. Suffice it to say that, 
while some workers believe that antibody is regularly univalent, it is gen- 
erally believed that present evidence indicates that it is usually divalent. 
Currently accepted theories of antibody formation include the assum|)tion 
of divalency. Univalent or “incomplete” antibody is known to occur, how- 
ever, and possibly represents the “weak” antibody noted above. 

The Second Stage of the Antigen-Antibody Reaction.— The second 
stage of the antigen-antibody reaction is generally regarded as an ex temsion 
of the process of union and therefore specific, rather than a separa tti and 
non-specific process. The specific adsorption involves, of course, the appo- 
sition of polar groups as indi<?ated above. Thus, if the antibody is divalent 
it can combine with two molecules of multivalent antigen, the anligen 
with additional antibody, etc., to form a mesh-like arrangement or lattice 
structure as illustrated in Fig. 34, large aggregates of which settle 
out as the antigen-antibody precipitate. This is the lattice hypothesis of 
Marrack. 

This theory is dependent, of course, on the existence of at least divalent 
antibody and it is for this reason that the valency of antibody has been of 
particular interest. As indicated above, present evidence strongly supports 
its multivalency. Thus, if increasing amounts of antigen arc added to a 
constant amount of antibody, three zones may be distinguished: first, a 
zone of antibody excess in which uncombined antibody is present; second, 
an equivalence zone in which both antigen and antibody arc completely 
precipitated; and, third, a zone of antigen excess in which uncornbined 
antibody is present. The proportions of antigen and antibody in the pre- 
cipitate vary with the initial concentrations of the reacting substances and 
behave as if they were multivalent with respect to one another, the observed 
molecular ratios being consistent with the assumption of divalent antibody. 
Similarly, the “incomplete” or monovalent antibody described by Heidel- 
berger and Mayer combined with antigen but did not give a precipitate, 
and Pauling and his co-workers^® have shown that synthetic antigens con- 
taining two or more haptenic groups per molecule would form a precipitate 
with antibody, while those containing only one haptenic group would not. 

Heidelberger: Jour. Amer. Chem. Soc., 1938, 60:24i2. 

Heidelberger and Mayer: Jour. Bact., 1940, 59 .-37. 

Pauling, Pressnaan, Campbell, Ikeda and Ikawa: Jour. Amer. Chem. Soc., 1942 
^4:2994. 
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Evidence of this sort, of which there is a good deal,^^ strongly supports the 
lattice hypothesis. 

It has been urged by some, especially Eagle®^ and Boyd®® in recent years, 
that precipitation is the non-specific result of neutralization or blocking off 
the polar groups of the complex; if the polar groups remaining on the free 
surface are not sufEcient to keep the complex in solution, it behaves as a 
hydrophobic colloid and is precipitated by electrolyte. The evidence does 
not appear to support this view. 

The combination of antigen and antibody is regarded by Heidelberger®^ 
as a chemical reaction between reacting substances which are multivalent 
with respect to one another and subject to the law of mass action. From 
this point of view the union may be regarded as taking place in a series of 
competing bimolecular reactions. The initial reaction between antigen (S) 
and antibody (A) would be 

A 4- S ^ AS 

In the region of excess antibody the second step would be 

AS + A ^ AS -A 
AS ■+• AS ^ AS -AS 

then 

AS -A 4- A ^ AS -A -A 
AS : AS -f A ^ AS - AS - A 
AS-A -h ASA ASA -ASA 

AS-A -h AS-AS ASA-ASAS 

AS -AS 4- AS-AS AS AS -AS AS 

with the formation of particles large enough to settle out of solution as the 
visible precipitate. In the region of antigen e^xcess the sequence of events 
can be represented by interchanging A and S in the above expressions. In 
the equivalence zone the AS formed in the initial reaction would poly- 
merize with the formation of large aggregates with the formula (AS)^.®® 
Hershey®® has developed a descriptive theory of the antigen-antibody re- 
action, based in part on probability considerations, which allows the cal- 
culation of equilibrium constants which agree well with observed values. 

The extent to which the indicated mechanism of the precipitin reaction 
may be generalized to include other manifestations of the antigen-antibody 
reaction is not yet altogether clear. There are many indications, however, 
that the process of union is essentially the same in all cases, though final 
proof is lacking. There is as yet no answer to such questions as that of the 
manner in which a red blood cell is rendered susceptible to the lytic action 
of complement or that of the natxire of the process of toxin neutralization. 

Reviewed by Pauling, Campbell and Pressman: Physiol. Rev., 1943, 23:203. 

Eagle: Jour. Immunol., 1930, i8:393. 

Boyd: Jour. Exp. Med., 1942, 75:407. 

Heidelberger: Relation of Proteins to Immunity. Chapter XVII in Schmidt: Chem- 
istry of the Amino Acids and Proteins. Charles C Thomas. Springfield, 111. 1938. 

Actually the ratio of antibody to antigen is greater than unity in the equivalence 
zone, probably always more than 2; hence a more accurate expression is (AnSm)x* 

Hershey: Jour. Immunol., 1941, 42:455; ihid.^ 1942, 45:39. 
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The relation, of the modern concept of the antigen-antibody reaction to 
the older theories will be readily apparent. It may be pointed out that 
Ehrlich’s concept of a chemical basis of specificity has been borne out; 
haptophores and receptors are, in present terminology, determinant radicles 
and adsorption sites. The mechanism of union, however, conforms to 
Bordet’s adsorption hypothesis, and what were once regarded as mutually 
exclusive theories have been found to be but two diflerent aspects of the 
immunological reactions. 



CHAPTER 13 


IMMUNITY— THE IMMUNE STATE 

The foregoing discussion of antigens, antibodies and the antigen-anti- 
body reactions is, essentially, a consideration of the various components 
of that state of increased specific resistance designated as immunity. The 
question arises, then, as to what extent these component parts represent 
the immune state. Can they be put back together to yield a satisfactory 
account of this phenomenon In general, it may be said that such a syn- 
thesis does result in a relatively complete picture; it is certainly far more 
satisfactory than corresponding attempts to analyze virulence and non- 
specific resistance. 

It will be clear from preceding considerations that two kinds of activity, 
closely interrelated, are operative in immunity; the antibodies, present in 
the body fluids, function in the first case, and the body cells, the phago- 
cytes, in the second. The two are not infrequently separated, the activity 
of antibodies constituting the subject matter of humoral immunity and that 
of the phagocytic cells making up the subject of cellular immunity. 

Humoral Immunity. — Since the appearance of antibodies follows re- 
covery from many of the infectious diseases, it is tempting to assume that 
these substances are causally related to the observed state of increased 
resistance. Observation and experimental evidence have amply justified 
this assumption, obviously in some instances and in a more subtle fashion 
in others- 

An antibody whose association with the immune state is direct and clear 
is antitoxin. The toxin produced by the invading microorganism has an 
affinity for the cells as well as antitoxin present in the body fluids, and the 
protective effect of circulating antibody must, then, be due in part to its 
superior avidity for the toxin. Such superior avidity generally, but not 
always, exists- Instances are known in which the toxin unites with the 
tissue substance in preference to combining with the antitoxin in the 
blood. The affinity of the cell substance for the toxin is not a constant 
quality, but fluctuates under different conditions, notably in the upper 
limits of active immunization. The tissues of an animal treated with in- 
creasing doses of toxin sometimes become hypersensitive to the action of 
the toxin and, in spite of the fact that large quantities of antitoxin are 
circulating in the blood, the toxin combines by preference with the tissue 
substance and causes the death of the animal. Variation in the avidity of 
of circulating antitoxin has been pointed out above. In general, however, 
the presence of circulating antitoxin is the determining factor ; for example, 
it is not necessary that antibodies to the bacterial cell substance be present 
in an individual immune to diphtheria or tetanus. The skin tests for im- 
munity, the Schick test for immunity to diphtheria and the Dick test for 
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immunity to scarlet fever, are tests for the presence of antitoxin; the toxin 
is injected intradermally and, if not neutralized, gives rise to a local 
reaction. 

The presence of the bactericidal and lytic antibodies is clearly of con- 
siderable advantage to the host and these substances are also an obvious 
part of the defense mechanism. Similarly, the inhibition of multiplication 
of trypanosomes is an important part of the defense against certain species 
such as Trypanosoma lewisi (p. 715). Agglutinins and precipitins would 
appear on the surface to serve no useful purpose in the defenses of the 
immune animal; for example, bacteria are not killed by agglutination. The 
clumping of bacteria and the precipitation of soluble foreign protein, how- 
ever, considerably facilitate the process of phagocytosis in that many bac- 
teria may be engulfed at one time and insoluble masses of precipitated 
foreign protein may thus be removed.’ In the case of pneumococcus anti- 
sera, for example, protective antibody as measured by mouse assay appears 
to be identical with precipitin and agglutinin. The pneumococcus antibody 
has been found to enter pneumonic lesions in rats, agglutinating the free 
pneumococci in the alveoli and thus stopping the spread of the infection.^ 
Furthermore, heterologous protection may be demonstrated when portions 
of the antigenic mosaic are shared.^ Not all antibodies demonstrable by 
in vitro antigen-antibody reactions have protective qualities, however; in 
the case of the enteric bacilli protection appears to be associated with anti- 
body to the heat-stable somatic antigens. It may be noted that in one 
instance there is evidence that precipitins play a direct part in defense; it 
has been founds that the larvae of Nippostrongylus muris are stunted and 
imniobilized in the skin of the immune animal with the formation of pre- 
cipitates in and around them, and a similar reaction may be observed in 
vitro. In general, however, the precipitins and agglutinins function as a part 
of the defensive scheme in conjunction with the process of phagocytosis. 

The importance of phagocytosis in resistance to infection is very great 
indeed and, in consequence, the opsonins assume paiticular importance 
from the theoretical point of view. In practice, though, opsonin titer is 
generally low as compared to antitoxin and other antibody titers and is 
highly variable ; the value of the opsonic index as a measure of immuni ty 
is not great, possibly because of the use of polymorphonuclear leucocytes 
in in vitro tests. Opsonic activity, of course, involves the direct cooperation 
of certain cellular elements of the body, and any consideration of these 
antibodies, as well as agglutinins and precipitins, forces consideration of 
the cellular defenses and indicates the futility of any attempt to differentiate 
sharply between humoral and cellular immunity. 

Cellular Immunity. — The role of phagocytic cells in resistance to in- 
fection was established by Metchnikoff® on the basis of studies on lower 
forms such as the water flea, Daphnia. He distinguished two types of cells, 
^Cf. Cannon: Physiol. Rev., 1940, 20:S9. 

2 Wood: Jour. Exp. Med., 1941, 73:201. 

3 See the studies on the typhoid bacillus by Luippold: Amer. Jour. Hyg., 1942, 36:354'. 

4 Series and Taliaferro: Jour. Inf. Dis., 1936, 59:207; Taliaferro and Series: Jour. Inf. 
Dis., 1939, 64:157. 

5 MetchnikolF: Immunity. Cambridge. 1905. 
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the microphages or polymorphonuclear leucocytes (heterophils) and the 
macrophages or large mononuclear cells occurring both free in the blood 
stream and fixed as tissue cells. The former were regarded as of prime 
importance in the bacterial infections, while the macrophages were thought 
to be only indirectly active except in chronic infections such as tubercu- 
losis and leprosy. With advances in knowledge, however, it has become clear 
that although their immediate mobilization accentuates the limited sig- 
nificance of the polymorphonuclear leucocytes, the variety of fixed and 
free connective tissue cells of mesenchymal origin, grouped under the gen- 
eral head of macrophage, is of considerably greater importance in resistance 
to disease. 

The distribution and interrelationships of these phagocytic cells may be 
considered briefly in outline form 

A. The predominantly fixed cells of the reticular and loose connective tissue which 
can be divided into two great groups: 

(1) fixed and free macrophages, including the reticular cells, and 

(2) the fibroblasts of connective tissue and the endothelial cells lining the ordinary 

blood vessels. 

(1) Macrophage is essentially a physiological designation for almost any large mono- 

nuclear connective tissue cell which is predominantly phagocytic and in- 
cludes 

(a) fixed cells such as 

1. pericytes (Maximov), fixed, imdifferentiated outstretched cells in the 

adventitia of all the small blood vessels of loose connective tissue 
throughout the body. 

2. reticular cells which, with fibers, form the stroma of all reticular (mye- 

loid and lymphatic) tissues, and 

3. littoral cells (Siegmund) which line the sinuses of the reticular tissues, 

liver, hypophysis and adrenal. In the liver these are designated as 
Kupffer cells. Although frequently called endothelial cells or cells 
of the special endothelium, these are in fact either true reticular 
cells or have greater developmental potencies than ordinary endo- 
. thehal cells. 

These cells can divide by noitosis, become phagocytic, and develop into 
fibroblasts or practically any other blood or connective tissue cell. Here 
it is important that they can become phagocytic either in their fixed 
position (fixed macrophages) or after roimding up and becoming free 
(free macrophages) . 

(b) The free cells occurring in the loose connective tissue are variously known as 

histiocytes, clasmatocytes, rhagiocrine cells or wemdering resting cells, are 
either phagocytic or can become so without morphological change, can 
reproduce by mitosis, and trsmsform into fibroblasts. 

(2) The fibroblasts and endothelial cells are morphologically characterized by out- 

stretched, ill-defined cytoplasm, a large oval vesicular nucleus containing 
dust-like chromatin granules, and small nucleoli. 

(а) The fibroblasts divide by mitosis but do not develop into other cells (except 

in bone and cartilage) and are rarely phagocytic although instrumental 
in repair and walling off foreign material. 

(б) The endothelial cells which line the larger blood vessels and capillaries (not 

including the littoral cells) likewise are rarely phagocytic but may be 
transformed into fibroblasts. 

® This material is taken, with only minor modifications, from Taliaferro: The Im- 
munology of the Parasitic Protozoa. Chapter XVIII in Calkin’s Protozoa and Biological 
Research. Columbia University Press. New York. 1941. 
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B. The free connective tissue and blood cells. 

(1) The cells of the blood and lymph are classified as to whether of myeloid or 

lymphoid origin: 

(a) The lymphoid cells of the blood include the various sized lymphocytes 

which, together with monocytes, are termed agranulocyles. They 
divide mitotically and can develop into macrophages with all the 
latter’s developmental potencies. As they become transformed into 
macrophages, they show increased amounts of cytoplasm, their 
nuclei take on macrophage characteristics and they become phago- 
cytic. These transitional forms are known as polyblasts. 

(b) The myeloid cells are the various granulocytes (heterophils or poly- 

morphonuclears, eosinophils and basophils), the erythrocytes and 
platelets. Of these the heterophils are functional in immunity by 
virtue of their phagocytic activity but are “end” cells which do not 
reproduce or develop into other cells. 

(2) The free mesenchymal cells are lymphoid cells indistinguishable from l^'in- 

phocy tes which occur in varying numbers in reticular and loose connective 
tissue and here act as precursors or “stem” cells of lymphoid and myeloid 
cells and hence may give rise to macrophages. They are variously termed 
lymphocytes^ hemocyioblasts, lymphoblasts, myeloblasts or monoblasts ac- 
cording to varying theories of blood formation, tinder normal conditions 
lymphocytes in lymphatic tissue give rise only to lymphocytes and hemo- 
cytoblasts in bone marrow only to myeloid cells but tmder abnormal 
stimuli they may exhibit their full potencies for development. These sterri 
cells are self-perpetuating but, as noted above, may arise from the fixed 
mesenchymal cells. 

The Systems of Cells. — It will be apparent that the cells primarily asso- 
ciated with defense against invading microorganisms are widely distributed 
through the body in the blood and lymph, cartilage, bone, reticular (blood- 
forming) tissue of the myeloid and lymphatic organs and in the loose 
connective tissue associated with the skin, omentum, liver, lung, etc. It 
is customary to group the macrophages into so-called systems of cells, the 
best known of which is Aschoff’s'^ reticulo-endothelial system. The term is not 
a good one, however, for, as indicated above, the cells of the endothelium 
proper are not phagocytic; although called endothelial cells, the phagocytic 
littoral cells (such as Kupffer cells) are similar to or identical with reticular 
cells. Perhaps a better designation is simply macrophage system or the 
broader term lymphoid-macrophage system f which includes the lymphoid 
cells and the transitional polyblasts. 

Local Defense.— TYie cellular response to an inflammatory stimulus® is 
characterized by an initial migration of polymorphonuclear leucocytes to 
the point of injury. These cells are not numerous and soon disappear when 
the inflammatory material is sterile, but when bacteria are present they 
continue to migrate from the blood vessels and actively phagocytose the 
invading microorganisms. The functions of this first line of defense, al- 
though important, are strictly limited, since the cells are short-lived and 
do not multiply in situ but must be continuously recruited from the blood 
stream. 

^ Aschoff: Ergebn. inn. Med. Ednderheilk., 1924, 26:1. 

» Taliaferro and Mulligan: Indian Medical Research Memoir No. 29, 19S7. 

® C/. Menkin: The Dynamics of Inflammation. The Macmillan Company. New York 
1940. 
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More important to local defense are the lymphoid cells of the blood and 
lymph, the lymphocytes and monocytes, which also migrate from the blood 
vessels but which, unlike the polymorphonuclear leucocytes, are long-lived 
and multiply in the tissues. These stem cells may be transformed to macro- 
phages which, together with macrophages already present in the area, 
actively phagocytose and digest the invading microorganisms. When large 
bodies of foreign material are present, the macrophages may fuse to form 
foreign body giant cells; when microorganisms are indigestible, they may 
form giant cells around them such as the epithelioid cells of the tubercle. 
Their progressive development into fibroblasts supplies the active elements 
for regeneration and repair, the formation of scar tissue and the walling 
off of foreign bodies. 

Certain other cells may take part in the late stages of the inflammatory 
process; the eosinophils, for example, may play a part in the detoxification 
of proteins and their disintegration products. 

General Defense . — When a stimulant is distributed over a large part of 
the body the reaction is regarded as a general rather than local one ; such 
distribution, however, usually means that the stimulant is in the blood 
stream and is combated by the cells of organs most closely associated with 
the blood, f.e., the spleen, liver and bone marrow, and in some cases general 
reactions may be regarded as local ones in strategically placed organs.’® 
The same types of cells are involved as in the local reaction, the polymor- 
phonuclear leucocytes being mobilized first, with the macrophages playing 
the more important r61e. Endothelial cells, although in contact with blood- 
borne material, show very little phagocytic activity and the fibroblasts are 
rarely active. 

The Cellular Response in Immunity . — The above reactions, which are 
observed to occur in the non-immune animal, £u*e markedly accentuated in 
the immune animal, and there is an increase in the number of macrophages 
frequently designated as a hyperplasia of the reticulo- endothelial system. 
The cooperative role of the humoral antibodies is of considerable signif- 
icance; an antigen is localized by agglutination if cellular or by precipi- 
tation if in solution, and in either case the material is made more readily 
phagocytable by opsonization. Bacteria injected into the blood stream, for 
example, are rapidly removed in the immune animal by the fixed macro- 
phages of the liver and spleen, and staphylococci injected into the skin are 
localized and phagocytosed in great numbers.^^ When antigen and antibody 
meet in the tissues of an immune animal, there are not only localization and 
opsonization of the antigen, but also a much heightened inflammatory re- 
action including a speeding up of the cellular response. 

The Origin of Antibodies. — ^Not only are the humoral antibodies and 
the cells of the macrophage system functionally interrelated as a part of 
the defense mechanism of the body, but there is good reason to beheve, 
although no absolute proof, that the antibodies are formed by these cells. 
It will be clear that the antibodies, f.e., globulin, are synthesized some- 
where in the body and probably such synthesis is intracellular. That the 

10 Cf. Taliaferro: Jour. Parasit., 1934, 29:149. 

11 Cf. Cannon: Physiol. Rev., 1940, 29:89. 
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Fig. 35. — Cells of the macrophage system. Sections of monkey spleen showing a por- 
tion of a venous sinus and a Billroth cord in the red pulp, f , Normal monkey ; note the 
typical structure of the non-granular leucocytes, the reticular cells with indeterminate 
cytoplasm, and the rounded macrophages within the cord. 2, Monkey killed ten days 
after infection with Plasmodium cynomolgi: note the large phagocytic cells absent from 
the normal spleen; the series of poly blasts labelled Pol;ybl. 1-5 illustrate the progressive 
hypertrophy of the non-granular leucocytes into macrophages. Hematoxylin and eosin- 
azure II; X 1240 (Taliaferro and MuUigan). 
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Fig. 36. — Cells of the macrophage system. Sections of spleen, liver and bone marrow 
from a monkey HUed fifteen days after infection with Plasmodium cynomolgi. i, A 
Billroth cord and two venous sinuses from the spleen; note the phagocytic actiAuty of 
the macrophages and smaller polyblasts. 2, Section from the liver; the Kupffer cells 
are phagocytic but here less active than the spleen macrophages- 3^ Section of bone 
marrow, showing a single, relatively smsdl macrophage. Hematoxylin and eosin-azure 
II; X 1240 (TaliafeiTO and Mulligan). 
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cells of the lymphoid-macrophage system are more closely associated with 
antibody formation than other body cells is indicated by experiments in 
which the production of antibodies is interfered with by removal of tissues 
containing large numbers of these cells, such as the spleen, or by ‘‘blockade” 
of the macrophage system through the injection of india ink or similar 
substances which are phagocytosed to such an extent that the c‘,ells are 
fully occupied and unable to respond in a normal fashion to an antigenic 
stimulus. 

Local Immunity. — The defense mechanisms fiuu'.tioning in the im- 
mune state have been assumed to be general ones and, for all pra(‘,tical 
purposes, equally effective throughout the body. It has been suggested, 
however, that these mechanisms are localized, or obviously a(;ceiU-uated, 
in certain tissues, not necessarily in tissues containing a larg(i proportion 



Fig. 37. — The cellular response in the immune animal. Rabbits injected subcuitaueously 
with virulent pneumococci. Left, normal animal showing a typical spreading lesion with 
many extracellular pneumococci and minimal phagocytosis by polymorphonuclear leu- 
cocytes. Right, immune animal, showing marked phagocytosis with intracellular ag- 
glutination and few extracellular bacteria. Sections stained by Gram’s method; X 1050 
(Cannon). 

of cells of the macrophage system, but in tissues such as the skin, the 
intestinal mucosa, the nasal mucosa, etc. 

Although attributable in some degree to the nature of the local defense 
factors, such as pH and the like, the predilection of an invading micro- 
organism for some particular part of the body such as the central nervous 
system might be regarded as indicative of a relative susceptibility oC certain 
tissues and, conversely, a relative resistance on the part of others — in 
Ehrlich’s terminology, the presence or absence of cell receptors. In a disease 
such as typhoid fever or erysipelas, for example, it should be necessary then 
that only the intestinal mucosa or the skin be immune, the other tissues 
being already resistant. This concept has been advocated particularly by 
Besredka.^2 The evidence upon which it has been based is generally regarded 
Besredka: iMcal Immunizaiion. Williams & Wilkins Company. Baltimore. 1927. 
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as relatively weak, and local immunity in Besredka’s sense probably does 
not exist. 

There is, however, good reason to think that local immunity, not of a 
particular tissue no matter where it may be in the body such as the skin, 
but of a local area, does exist. It would appear to follow that the presence 
of antigenic material in a particular area would stimulate the production 
of antibody by the cells of that area and, in consequence, higher anti- 
body titers would be found in the inoculated and immediately adjacent 
area than in the blood stream and other tissues. Such higher antibody titers 
have been demonstrated’® in the nasal mucosa, for example, and it appears 
probable that, under circumstances in which antibody production takes 
place within a restricted area, that area may exhibit an accentuated 
immunity. 

Natural Immunity. — As pointed out elsewhere (p. 187), the defenses 
of the normal animal against infection are of two general types. The first, 
characterized by non-specificity with respect to the infectious agent, has 
been called resistance and discussed earlier. The second type, showing a 
greater or lesser degree of specificity, is considered here as natural immunity. 

It is the rule rather than the exception that pathogenic microorganisms 
are sufficiently closely adapted parasites that they are able to establish 
infection only in more or less closely related species of hosts. Thus it is 
perhaps not to be expected that the same parasite will be able to infect 
organisms as widely different as higher plants and mammals. It is of par- 
ticular interest, therefore, that Pseudomonas pyocyaneus, a not uncommon 
pathogen of man and higher animals, has been found able to infect tobacco 
plants and may be identical with the plant pathogen Phytomonas poly- 
color 

While in Ehrlich’s terminology it might be said that the cellular organi- 
zation of the plant lacks receptors for the human pathogen, there is evidence 
of a positive type of resistance to such infection. Antibiotic substances, 
similar to those produced by bacteria and fungi (p. 132), have been found 
in a number of higher plants. Thus, extracts of cabbage, turnip, onion and 
barberry plants inhibit the growth oi Bacterium coli send Bacillus subtilis,^^ 
chlorophyll and related compounds have been found to inhibit the growth 
of the tubercle bacillus,^® and substances which inhibit the growth of 
Staphylococcus aureus amd Bacterium coli have been found in a large number 
of angiosperms.’^ None of the plants, however, is known to produce 
anything resembling antibodies. 

Natural immunity is closely associated with the specific immune re- 
sponse, an immunity which is expressed in the form of the bactericidal and 

Cannon et al.: Proc. Soc. Exp. Biol. Med., 1931, 29 .*517, 675; Hartley: Jour. Inf. 
Dis., 1940, 66.-44. 

Elrod and Braun: Jour. Bact., 1942, 44:633. 

Cf. Sherman and Hodge: Jour. Bact., 1936, 51:96; Dick: Arch. Surg., 1940, 41:287; 
Fuller and Higgins: Food Research, 1940, 5:503. 

Daly, Heller and Schneider: Proc. Soc. Exp. Biol. Med., 1939, 42:74. 

Osborn: Brit. Jour. Exp. Path., 1943, 24:227; . see also Pratt et al.; Science, 1944, 
99:351; Tsuchiya et at.: Jour. Bact., 1944, 47:422; Lucas and Lewis: Science, 1944, iOO: 
597. 
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opsonic powers of normal blood, in the presence of the so-called noi’mal 
agglutinins and the like. Such antibodies are generally present only in low 
titer, and the immunity associated with their presence in man is ol a low 
grade but is possibly a significant part of that complex desiguali^d “resist- 
ance” in an earlier chapter. In many instances antibodies may be found 
under circumstances in which it is highly improbable that the animal has 
come in contact with the infectious agent; it has been noted, for example, 
that cattle sera will not infrequently neutralize the yellow fever virus and, 
more often, contain agglutinins for bacteria such as the typhoid and dysen- 
tery bacilli, the cholera vibrio, and certain of the rarer varieties of Salmo- 
nella. Although present in low titer, such normal agglutinins appear to be 
no different from the immune agglutinins in adsorbability, heat resistance 
and the like.^® The normal macrophage response does not involve this 
specific element, for all kinds of intact particles arephagocy tosecl. I'he fpics- 
tion of the origin of these antibodies is, then, of some significance and it 
may be asked whether or not specific antibodies may be foi*med in the 
absence of antigenic stimulation. 

Natural Antibodies. — That the formation of some anl-ibodies is genet- 
ically determined and takes place in the absence of antigenic^ stimulus is 
established in the case of the antibodies which determine the human blood 
groups. It is not unreasonable to suppose that in other instances the ai ratige- 
ment of polar forces on the surface of the normal globulin mohnuxle might 
be such as to make possible to a greater or lesser extent the specufic adsorp- 
tion of antigenic substances. The probability that this will occur is, how- 
ever, not great, and it is unlikely that such an explatiation is generally 
valid. 

Inapparent Infection. — A second possibility that accounts for the pres- 
ence of normal antibodies is that of inapparent infection. A case in point 
is that of the appearance of diphtheria antitoxin in the blood in the absence 
of clinically recognizable infection; it is well known that the proportion of 
Schick-negative individuals increases in succeeding age groups. 1 1 is defi- 
nitely established that the indicated formation of antitoxin is an immunity 
resulting from inapparent infection, i.e., the carrying of virulent diphtheria 
bacilli in the throat, and the antigenic stimulus of the presence of small 
amounts of diphtheria toxin (p. 565). The agglutinins for Flexner dysen- 
tery bacilli and some of the common species of Salmonella associated with 
food poisoning not infrequently present in normal human sera to titers of 
1:80 to 1:1601® in all probability are a consequence of subclinical infec- 
tions. It is probable that such a sequence of events occurs in a number of 
diseases and that the so-called normal antibodies, such as the neutralizing 
power of normal adult serum for poliomyelitis virus, measles virus and 
other infectious agents, are, in fact, immune antibodies. The manner in 
which a pseudoracial immunity may be produced through infection has 
been discussed elsewhere (p. 189). 

Common Antigens. — As indicated above, however, there are many in- 
stances in which it is extremely unlikely that the animal whose serum agglu- 

Jordan: Jour. Inf. Dis., 1937, 61 : 19 . 

For example, see Schwabacher, Ross and Carruthers: Lancet, 1943, i:739. 
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tinates a given bacterium came in contact with it either as a mild infection 
or otherwise. It is difficult to conceive, for example, of the ordinary cow 
in the United States coming in contact with the cholera vibrio. In such 
cases it is not necessary to assume either that the observed antibodies arose 
de novo through some genetic or maturation mechanism or that there was 
contact with the particular microorganism. It is only necessary to assume 
that the animal has come in contact with an immunologically similar 
antigen. The likelihood that this will occxu* is clearly a function of the 
frequency with which immunological relationship or identity is shared by 
diverse organisms and the probability of contact with the unrelated form. 

In addition to heterophile antigen, whose apparent random occurrence 
has been discussed elsewhere, immunologically similar antigens have been 
found to occur in a variety of seemingly unrelated organisms, and it is 
probable that many more have not as yet been discovered. For example, 
cross-reactions occur between Type II pneumococcus polysaccharide and 
Type B Friedlander’s bacillus, certain species of yeasts, gum acacia and 
other vegetable gums, and some strains of Bacterium coli and Bacterium 
aerogenes; the polysaccharide of Type XIY pneumococcus is immuno- 
logically similar to the specific antigen of human blood group A ; a constit- 
uent present in peptone is immunologically related to certain streptococcus 
antigens (group C) ; the capsule of the anthrax bacillus appears to be im- 
munologically identical with that of Bacillus mesentericus; the plague bacil- 
lus and paratyphoid B are immunologically related. From these examples^® 
it will be clear that immunologically similar antigens may be distributed 
in an apparently random fashion in unrelated organisms and it is probable 
that in some, if not many, instances in which antibodies may be demon- 
strated for some microorganism with which infection or contact is unlikely, 
the antibodies are immune rather than “normal,” and a consequence of 
exposure to a similar antigen. 

In keeping with this discussion it may be pointed out that there is a 
strong possibility that there is no such thing as a normal specific anti- 
bacterial immunity and that immunity in which a specific antibody may 
be demonstrated is one that arises as a consequence of exposure to the 
antigen. The incubation period following injection, for example, provides 
the opportunity for an immunological response that is difficult to rule out 
in many instances. In this connection it is of interest that attempts to 
establish a monoflora of Bacillus subtilis, an organism generally regarded 
as a harmless saprophyte, in bacteriologically sterile rats have resulted in 
a number of deaths from B. subtilis septicemia.^^ 

Acquired Immunity. — Specific immunity against infection may be of 
two types. The one, active immunity^ is due to the direct participation of 
the host and is gained at the expense of the orgam'sm acquiring it. This 
active immune state, manifested by the presence of antibodies, a heightened 
cellular reactivity, and a marked increase in resistance to the infection, 
arises as a consequence of the stimulus of antigen present in the tissues. 
The antigen may be inadvertently present, as in an attack of disease, or 

20 Pile literature is reviewed by Ingalls: Jour. Immunol., 1937, 55:123. 

21 Personal communication from Dr. J. A. Reyniers. 
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it may be purposely introduced into the tissues in such a form that, while 
its antigenic qualities are little if at all impaired, disease is not produced. 
Active immunity may, then, be artificially produced by the parenteral 
inoculation^^ of appropriate antigenic material. In general terms, the 
methods by which active immunization may be accomplished are: 

(1) The inoculation of living, fully virulent bacteria 

(a) rarely by a route favorable to infection but 

(fe) occasionally by a route unfavorable to infection or 

{c) in conjruiction with protective antiserum; 

(2) the inoculation of attenuated bacteria of greatly reduced virulence for the host; 

(3) the inoculation of bacteria killed by 

(а) heat or 

(б) antiseptics ; 

(4) the inoculation of bacterial products 

(а) secreted during life or 

(б) liberated by the autolysis of dead cells; 

(5) the inoculation of bacteria unrelated to the production of the specific infection. 

These may be briefly illustrated. 

(1) Immunity produced by the introduction of living, virulent batd.eria 
is practically identical with the iiiimunity that results from an attack of 
disease after natural exposure. In experimental work the varying facility 
with which this mode of immunization can be effected is in part dependent 
upon the susceptibility of the organism to the particular parasite, and a 
highly susceptible animal can be immunized in this way only witli great 
difficulty or not at all. The successful use of living cultures involves the 
administration of small non-fatal doses which are increased as immunit.y 
develops. 

The relative insusceptibility to infection by some particular route may 
be taken advantage of, as in Ferran’s method, now superseded, for pro- 
tective vaccination against Asiatic cholera; natural infection occurs via 
the alimentary tract and subcutaneous injection of the virulent vibrios is 
followed by a local inflammation but not by a general infection with serious 
consequences. 

The simultaneous administration of virulent microorganisms and pro- 
tective antiserum provides preformed antibody for combating the invader 
while allowing the immune reaction of the. host to develop. This method 
is seldom used for the immunization of human beings but is common in 
some other instances; hogs may be immunized against hog cholera, for 
example, by simultaneous injection of virus-containing blood and anti- 
serum. 

(2) As indicated elsewhere, the virulence of a bacterial culture may be 
greatly diminished in a variety of ways, such as cultivation under unfavor- 
able environmental conditions and by passage through animal species other 
than that of the host in question. Perhaps the most familiar examples of 
the use of such attenuated material are those of smallpox vaccination and 
inoculation against rabies. In the first instance the passage of smallpox 

Oral adamnistratioii of antigenic material is ejfficacious only in so far as unmodified 
antigen is absorbed through the intestinal wall and, compared with parenteral inocula- 
tion, is an uncertain and inefficient method. 
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virus in the cow greatly reduces its virulence for man hut inoculation with 
the altered virus of cowpox protects against smallpox infection, and in the 
second rabies virus from dogs is “fixed,” in Pasteur’s terminology, or at- 
tenuated by serial passage in rabbits. This method is particularly useful 
in immunization against the filterable virus diseases, since cultures are 
not available and “killing” destroys the antigenic properties of these 
agents. (See, however, p. 798.) 

(3) Suspensions in physiological salt solution of bacteria killed by heating 
to 55 to 60° C. for thirty minutes or by treatment with formaldehyde or 
phenol are widely and successfully used in man against typhoid and 
paratyphoid fevers and against a variety of microorganisms in the labo- 
ratory. Such vaccines are, in general, most useful in infections in which the 
microorganism does not produce a soluble toxin but which contains an 
endotoxin. This method has the obvious advantage of avoiding all danger 
of infection while at the same time introducing into the body the sub- 
stances most intimately connected with the bacterial cell and its ac- 
tivities. 

(4) The use of products of the bacterial cell for immunization purposes 
finds widest application in the case of those organisms which produce soluble 
toxins. As pointed out above, a solid immunity against diphtheria may be 
secured by stimulating the production of antitoxin. It is possible to build 
up such an immunity by using extremely small amounts of unmodified 
toxin in the early injections with gradual increases as immunity develops. 
In general, however, it is much more satisfactory to use neutralized or 
detoxified toxin. In the first instance a neutral mixture of diphtheria toxin 
and antitoxin (TAT) is frequently used with satisfactory results; the com- 
plex breaks down slowly in the body, liberating free toxin which acts as 
the antigen. Toxoid prepared by treatment with formalin which has lost 
its toxicity but retained its antigenicity is generally used at the present 
time in a partially purified form precipitated by alum. The alum-precipi- 
tated toxoid is of some advantage since the toxin-alum complex breaks 
down slowly in the tissues, liberating toxoid slowly to provide a prolonged 
antigenic stimulus. 

It is difficult to distinguish between bacterial products secreted during 
life and the products of autolysis; it has been pointed out previously, for 
example, that usually the soluble toxin titer of a culture rises, not coinci- 
dent with the phase of active growth, but after cell multiplication slows 
down and breakdown of the formed cells begins. Studies have been made, 
however, on the antigenic qualities of autolyzed cultures and of cell extracts, 
but such antigens are not of great practical value since they are contained, 
for the most part; in suspensions of killed cells. 

(5) Some degree of immunity toward specific infections may be developed 
by the use of certain kinds of bacteria or bacterial products entirely foreign 
to the infection in question. In this category, for example, is the undoubted 
protection conferred against anthrax by the injection of Bacterium prodi- 
giosum or Ps. pyocyanea or their products. A number of instances of this 
sort have been described in connection with studies on common antigens 
and need not be considered further here. 
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Irrespective of the antigen employed, the animal body requires a period 
of time to respond with antibody production and for a high degree of 
immunity successive antigenic stimuli are required. Early injections may 
consist of killed bacteria, followed by the inoculation of living, al-tenuatcd 
or virulent cells. The process of forcing a very high degree of immunity 
upon an experimental animal is often termed hyperimrniinizallon. If the 
antigen is injected in such a form that it is slowly absorbed, tlius providing 
a prolonged stimulus, repeated injections may not be necessary. A single 
injection of alum-precipitated diphtheria toxoid, for example, may give 
about 80 per cent Schick negatives. Attempts have been made to use lipo- 
vaccines, suspensions of bacteria in oil, to promote such slow absorption, 
but these are generally unsatisfactory because they are diflicult to stcr*ilize. 

An animal may be simultaneously immunized against more than one 
antigen with no significant effect on the immune response. Typhoid vac- 
cine, for example, commonly contains typhoid, paratyphoid A and para- 
typhoid B bacilli (TAB), and other so-called polyvalent vaccines containing 
a variety of microorganisms are effective immunizing agents. 

The immunity produced is variable to some degree and dependen t upon 
the efficacy of the antigen used. Some kinds of bacteria are “good antigens,’' 
such as the typhoid bacillus, while others, such as the gonoc<>c,cuis, are 
“poor antigens” and no effective immunity may be produced. The reason 
for this is not known. When an active immunity is produced, however, it 
is generally of long duration and effective over a period of years. 

The immune response, as indicated by antibody titer, generally is appar- 
ent by the second of a series of injections and the titer increases with 
succeeding injections until an upper limit is reached. With cessation of 
inoculations the antibody titer slowly declines and within a few weeks has 
reached a very low level. Subsequent injection brings about an immediate 
antibody response, much more rapid and pronounced than that of the 
initial immunization. It is of some interest that this secondary response 
may be brought about, although to a lesser degree, by the injection of a 
heterologous antigen, a phenomenon that has been termed the anamnestic 
reaction; this stimulation to fresh production of one antibody when a new 
antigen is injected has been an important obstacle to theories of antibody 
production such as retention of antigen in the cells, etc. It may bo noted 
here that the injection of any antigenic substance stimulates the mobili- 
zation of the defense mechanisms of the body, a phenomenon which is 
made use of in non-specific protein therapy; the injection of sterile milk, for 
example, may markedly stimulate the body to combat invading micro- 
organisms. It will be clear that, under the circumstances, any interpretation 
of the beneficial effect of vaccine therapy dt infectious diseases must be 
made with caution. 

Passive Immunity. — In contrast to active immunity, passive immunity 
involves no active generation of protective substances by the immunized 
animal. The latter is simply the recipient of antibodies formed in the body 
of another animal and transferred to the individual to be protected. Such 
passive transfer occurs in nature from mother to offspring, in utero via the 
placental circulation in man, apes, and rodents in which there is only one 
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layer of cells between the maternal and fetal circulatory systems, and after 
birth via the colostrum in ruminants in which there are four layers of cells 
between the two circulatory systemjs.^® 

Artificial passive immunization is brought about by the injection of 
immune sera such as the antitoxic sera of horses immunized against diph- 
theria toxin, tetanus toxin and similar antigens, or of convalescent sera 
taken from recovered human cases of the disease in question. Passive im- 
munization is most effective with antitoxic sera; with exceptions such as 
virus neutralizing sera, antipneumococcus sera and the like, antibac- 
terial sera are generally not highly effective either prophylactically or 
therapeutically. 

Unlike active immunity, passive immunity is not of long duration, 
generally not more than two or three weeks. Repeated injections of tetanus 
antitoxin, for example, must be made at weekly intervals as long as the 
danger of infection remains. Horse serum globulin acts as a foreign protein 
in the human body and tends to be eliminated as such. Passive immuni- 
zation with homologous serum is possibly of somewhat longer duration. 

Hypersensitivity. — The response of the animal body to the presence 
of antigen in the tissues is one that is of obvious advantage, particularly 
when the antigen is a toxin or the cell substance of an invading micro- 
organism. That the immunological response does not always have desirable 
consequences was early apparent when it was observed that an otherwise 
harmless antigen, such as egg albumin, may prove to be highly toxic on 
second injection. The experimental animal reacting in this way is said to 
be sensitized, or rendered hypersensitive, to the antigen by the first injec- 
tion. Differences in the clinical manifestations of the reaction of the organ- 
ism to the antigen have resulted in a series of “kinds” of hypersensitivity 
which may be considered briefly. 

Anaphylaxis . — The term anaphylaxis (against protection) was used by 
Richet^^ to denote the hypersensitivity acquired by laboratory animals in 
response to the injection of antigen, and the syndrome following subsequent 
injection is designated anaphylactic shock. Zinsser^^^ has described the 
anaphylactic reaction in the guinea pig as follows: “If a sensitized guinea 
pig receives a second injection of an antigen after a suitable incubation 
time, a characteristic train of symptoms ensues. There is usually a short 
preliminary period, lasting either a fraction of a minute or several minutes 
according to the violence of the reaction and the mode of administration. 
At the end of this time the animal grows restless and uneasy, and often 
rubs its nose with its forepaws. It may sneeze and cough. At the same time 
increased respiration is noticeable and the fur appears ruffled. In light cases 
the animal may remain in this condition, with further difficulty of respi- 
ration, discharges of urine and feces; then gradual recovery sets in, with 
complete return to normal in several hours. In more severe cases these 

23 See the review in the Lancet, 1941, i:44. 

24 Portier and Richet: Compt. Rend. Soc. BioL, 1902, 54:170; Richet: Ann. Inst. 
Pasteur, 1907, 2i :4>97. 

26 Zinsser, Enders and FothergiU: Immunity Principles and Application in Medicine 
and Public Health. The Macmillan Company. New York. 5th ed., 1939. p. 349. 
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preliminary stages are rapidly followed by weakness. The animals fall to 
the side, the legs and trunk muscles twitch, and the respiration becomes 
slow and shallow. The dyspnea is inspiratory. The excursions of the lung 
grow shallower in spite of strong inspiratory efforts, the volume of the 
thorax and lung remaining in the expanded condition. At this stage the 
animal may arise and attempt to run. More often, however, general con- 
vulsions set in, and in these the animals usually die. The heart continues 
to beat for a considerable time after breathing has stopped.” On autopsy 
the lungs are distended because of the imprisonment of the air in the alveoli 
by the contracted musculature of the small bronchioles; small hemorrhagic 
areas are found on the serous surfaces of the lung and in the brain, stomach, 
heart, cecum and spleen, and there are local fatty changes in tlu^ cnpillary 
endothelium. 

Both rabbits and dogs may be sensitized and suffer from acute anaphy- 
lactic shock with, however, significant differences from the guinea pig. In 
the rabbit pulmonary dilatation is lacking but there is extreme dilatation 
of the right side of the heart and death is a consequence, not of suffocation, 
but of spasmodic contraction of the branches of the pulmonary artery 
and acute heart failure. In the dog, on the other hand, the outstanding 
postmortem feature is the congestion and distention of the liver. 

There are, however, certain basic features of the anaphylactic reaction, 
such as a reduction in complement and fibrinogen in the blood, lcuc(ypenia, 
capillary dilatation and general irritability of the smooth muscle, ''f he last 
may be demonstrated in vitro as the contraction of a strip of uterus from a 
sensitized guinea pig in response to the presence of antigen. Anaphylactic 
shock appears to be primarily a cellular reaction in which the primary 
point of attack is the cells of the macrophage system; the difference 
in symptoms in different animal species arises as a consequcjiu^e of the 
distribution of reactive cells and their relative ability to anchor antigen. 

Like the other immune reactions, hypersensitivity is highly specific, is 
passively transferable, and does not appear until after a suitable period of 
incubation. The last is somewhat variable depending upon the amoun t and 
kind of antigen injected; in the case of sensitization of the guinea pig to 
horse serum it is ten to twelve days. If a second injection is given one to 
three days after the first, the appearance of hypersensitivity is delayed but 
if eight to ten days intervene, hypersensitivity and susceptibility to ana- 
phylactic shock do not appear, a condition which has been termed anti- 
anaphylaxis. When developed, however, the hypersensitive state persists 
for long periods in experimental animals, probably for life. Sensitization 
may be effected by very small quantities of antigen; in one instance 
0.0000001 cc. of horse serum was sufficient to render a guinea pig sensi tive.^® 
Wells, using pure protein, has shown that the minimum sensitizing dose 
of crystallized egg albumin is 0.00000005 gm. and the minimum fatal 
sensitizing dose 0.000001 gm., the fatal reacting dose being intravenously 

26 Sensitization to horse serum was thoroughly studied by Rosenau and Anderson:: 
Bulls. 29, 30, 36, Hyg. Lab. Mar. Hosp. Service; Jour. Inf. Dis., 1908, 5:85. 

27 Wells; Chemical Aspects of Immunity. Chemical Catalog Co. New York. 2nd ed.„ 
1929. 
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0.00005 gm., and intraperitoneally 0.0005 gm. Anaphylactic shock may also 
be brought about by the injection of haptenes although these partial 
antigens will not sensitize. Animals that survive the second dose of antigen 
are desensitized or temporarily refractory, but sensitivity returns within a 
variable time. 

The Schultz-Dale Reaction.— Tike irritability of the smooth muscle char- 
acteristic of anaphylactic shock may be demonstrated in vitro with an 
isolated strip of intestine or the uterus of a sensitized guinea pig. The piece 
of tissue is suspended in oxygenated Ringer’s solution and the antigen 
added to the bath. The tissue responds with a vigorous contraction, very 
similar to that produced by histamine, which may be recorded with a 
kymograph. No reaction is produced by a second addition of antigen for 
the tissue is desensitized. 

The Arthus Phenomenon — Local Anaphylaxis. — It was noted by Arthus^® 
that in a series of subcutaneous injections of horse serum into the rabbit 
the earlier injections were without local effect hut as the animal became 
immune the site of inoculation became swollen and edematous, at first 
transiently, but with succeeding injections the response took the form of a 
firm indurated area with local necrosis. This response was not confined to 
the neighborhood of earlier injections but could he elicited at any site. 
The phenomenon is demonstrable to only a limited extent in the guinea 
pig and not at all in other experimental animals but does occur in man. 
Such, for example, are the indurated areas which are apt to occur at the 
site of inoculation after the sixth or seventh injection of rabies prophylactic. 
The phenomenon appears to be dependent upon union within the tissues 
of circulating precipitin and its specific antigen.^® 

The Nature of the Anaphylactic Reaction. — It will be clear that the phe- 
nomenon of anaphylaxis is essentially an immunological one. It was pointed 
out earlier that the union of antigen and antibody in the tissues produces 
a marked inflammatory reaction. There is reason to believe that this is the 
explanation of anaphylaxis, the antigen-antibody (probably precipitin) 
union possibly taking place within the cells and the inflammatory reaction 
of the macrophage system exceeding safe limits. In the immune animal 
there is presumably sufficient circulating antibody to combine with and 
immobilize the antigen before it can reach the cells. 

The question of why the union of antigen and antibody should have the 
observed consequences is another matter. Two theories have been proposed, 
one of which, the anaphylatoxin theory, assumes that the antigen is par- 
tially digested, perhaps through the agency of serum complement or by 
proteolytic enzymes, with the liberation of toxic substances (see p. 175). 
Symptoms similar to those of anaphylactic shock, the so-called anaphy- 
lactoid reactions, may be produced by the injection of peptone or larger 
products of protein cleavage and by histamine. The immediate response of 
isolated smooth muscle, however, throws doubt on this hypothesis. The 
second theory postulates a disturbance of the colloidal equilibrium in the 
blood stream or within the ceU as a consequence of the antigen-antibody 

Arthus: Gompt. Rend. Soc. Biol., 1903, 55.*817. 

Cannon and Marshall: Jour. Immunol., 1941, 49:127. 
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union. In this connection it is of interest that blood serum shaken with 
kaolin or other adsorbing agents is found to be toxic on reinjec^l.ion. Tliere 
is a good deal of evidence which strongly suggests that the liberation of 
physiologically active substances, including histamine, heparin and pos- 
sibly choline, occurs in anaphylactic shock. The symptoms can be explained 
on the basis of an autointoxication by such substances, normally present 
in the tissue cells and liberated by some change in permeability broughl, 
about by the antigen-antibody reaction.^® While the injection of histaminase 
will not protect against anaphylactic shock, it has been repoi‘ted*^’ that, 
immunization with artificial histamine-protein antigen will prodiux^ a 
significant degree of protection. 

Hypersensitivity in Man. — The phenomenon of anaphylaxis, although 
occurring in nature to a limited extent, is essentially a laboratory phenom- 
enon. Hypersensitivity may be manifested in a variety of ways, however, 
and, from the anthropocentric point of view, its manifestations in man are 
the most important. Human hypersensitivity has been variously termed 
allergy (the term was originally introduced by von Pirquet as a designation 
for hypersensitivity in general rather than any of its particular mani- 
festations), idiosyncrasy and atopy. In general it may be said that in man 
there is little tendency to generalized shock; typical anaphylactic sliock is 
occasionally observed, but, as in dogs and monkeys, there is a tendency t.o 
localization of manifestations particularly in the respiratory tracd-, the 
gastro-intestinal tract and the skin. 

Serum Sickness. — The administration of antitoxic or antibacterial serum 
produces, in a certain proportion of people, a characteristic sytidrome 
termed serum sickness. The symptoms include urticaria, fever, glandular 
swelling, edema and pains in the joints, in combinations that are variable 
from one individual to another. The reaction may occur after initial as 
well as subsequent injections and is attributable to the foreign products, 
usually horse serum, rather than to the antibody content of the serum. 

Allergy. — Also included under the head of hypersensitivity is a group 
of reactions which have been designated the allergies. Such, for example, 
are the sensitivities to the pollens, horse dander, rabbit fur, cat fur and the 
like in which the reaction may be localized predominantly in the upper 
respiratory tract with the familiar symptoms popularly designated as hay 
fever. Another group of reactions in this category are those of individuals 
hypersensitive to certain food substances such as strawberries, eggs and 
milk, in which the manifestations tend to be localized in the gastro-iiites- 
tinal tract but which may include urticaria and other symptoms. The drug 
idiosyncrasies are similar hypersensitive phenomena. This type of hyper- 
sensitivity is passively transferable. If a local area of the skin of a normal 
individual is infiltrated with serum from a hypersensitive person, that area 
will give a typical hypersensitive reaction to intradermal inoculation with 
the homologous antigen. This phenomenon is known as the Prausnitz- 
Kixstner reaction. 

It will be clear that the antigens toward which hypersensitivity is mani- 

The evidence for this is reviewed by Dragstedt: Physiol. Rev., 1941, :563. 

Fell, Rodney and Marshall: Jour. Immunol., 1943, 47.-237. 
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Tested are in some instances protein and in others nonprotein. The existence 
of such non-protein “antigens/’ together with the fact that hypersensitivity 
may exist without history of previous contact with a sensitizing dose of 
antigen, has led a number of workers^^ to assume that these constitute a 
type of hypersensitivity sufficiently different to require the new name 
atopy. The passive transfer of the types of sensitivity falling into this 
category is presumed to be due to the presence, not of the usual antibodies, 
but of similar substances designated as reagins. 

The Relationship of the Various Forms of Hypersensitivity. — Al- 
though it may assume various clinical forms in man, it is probable that 
the various forms of hypersensitivity are substantially identical. There has 
been no conclusive evidence, for example, of any essential difference be- 
tween the anaphylactic antibodies and the atopic reagins, and the apparent 
absence of antibody means only that antibody has not been detected by 
the methods utilized. Nor is the differentiation of the various forms of 
hypersensitivity in their basic features of practical value — ''entia non 
muUiplicanda praeter necessitatem."" 

Apparent differences may be explained without great difficulty. The fact 
that some of the antigens are non-protein is not of great significance, for 
anaphylactic shock may be elicited by haptenes and in any case the com- 
bination of haptene, particularly when it contains reactive groups, with 
body protein to form complete antigen is a possibility that is difficult to 
eliminate. A negative history of previous exposure to a sensitizing dose, 
if proved, and this is probably a practical impossibility, loses some signifi- 
cance in the light of present information concerning the distribution of 
common antigens. Clinical differences may be explained by the mode of 
contact with the antigen; ragweed pollen suspended in the air, for example, 
will obviously come in contact with the upper respiratory tract and affect 
reactive cells there rather than in other parts of the body. It is highly 
probable, therefore, that all types of hypersensitivity are basically identical. 

THe Inheritance of Hypersensitivity. — It has long been suspected 
that hypersensitivity is associated with some genetically determined factor 
or factors, i.e., that it tends to run in families. Proof of this is beset with 
the difficulties encountered in any study of human inheritance but studies®^ 
have given definite indication that such is the case. It is not the hyper- 
sensitive state itself that is inherited but rather a tendency toward ready 
development of hypersensitivity. Direct experimental evidence of heredi- 
tary predisposition to sensitization in the guinea pig has been reported by 
Chase^^ and by Jacobs, Kelley and Sommers.®^ Hypersensitivity may, of 
course, be passively transferred from mother to offspring. The inheritance 
of resistance to disease (p. 187) is possibly another matter. 

Bacterial Allergy. — The cell substance of bacteria is, of course, anti- 
genic and may act as a sensitizing agent. Anaphylaxis, for example, may 
be induced against bacterial protein. Sensitization similarly occurs in dis- 

32 Cf. Coca in Jordan and Falk: Newer Knowledge of Bacteriology and Immunology. 
University of Chicago Press. Chicago. 1928. 

33 Chase: Jour. Exp. Med., 1941, 75:711. 

3^ Jacobs, Kelley and Sommers: Proc. Soc. Exp. Biol. Med., 1941, 45:639. 
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ease; perhaps the best known example is the hypersensitivity to the celi 
substance of the tubercle bacillus in tuberculosis (p. 581). The intraderrnal 
injection of a small quantity of antigen results in an inflammatory reaction 
in the sensitized person or animal. Similar skin reactions may be elicited in 
glanders, brucellosis and the like by injection of the specjilic bacterial cell 
substance, and these reactions are frequently of diagnostic value, these 
tests for hypersensitivity are not to be confused with skin tests such as the 
Schick test in which a neutralization of toxin is involved. The question of 
the relation of hypersensitivity to immunity to disease has been of some 
interest. It has been pointed out by Rich"® that while in some instances 
hypersensitivity does not exert any appreciable eflect on the response to 
infection, in others it is decidedly harmful to the host, and has not as yet 
been shown to be of marked benefit in any infection, though the last may 
be regarded as still an open question. 

Hypersensitivity and Immunity. — ^The paradoxical nature of an im- 
mune response which can result in either a specific protection against 
pathogenic bacteria and their products or an equally specific and marked 
susceptibility to an antigenic substance is not too difficult to reconcile. 
A-lthough seemingly resting upon seme factual basis, the dual nature of the 
immune response is more apparent than real for it rests upon a question of 
emphasis. The soluble bacterial toxins, for example, are potent poisons 
whose pharmacological activity is nullified by the formation of antitoxin, 
but primarily the same mechanism converts an innocuous antigen, such as 
egg albumin, which can be injected in relatively large quantiti(is, to a spe- 
cific poison for the sensitized animal. The protective aspect is emphasized 
in the first instance while the acquired toxicity appears more important in 
the second. The matter of emphasis is illustrated in an analogy drawn by 
an eminent worker in the field^® who has pointed out that the warmth, 
light and other pleasing aspects of a grate fire are also present when the 
house burns down; both involve precisely the same mechanism yet the 
emphasis upon the consequences of the combustion is entirely differcTi t in 
the two cases. 

Rich: Physiol. Rev., 194!l, 2f:70. 

Bronfenbrenner: Amer. Rev. Tuberc., 1937, .?^;293. 
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THE STAPHYLOCOCCI 


Family: Micrococcaceae. Genus: Staphylococcus, Usually parasitic. Cells occur singly, 
in pairs, short chains and irregular clusters. Gram-positive. Good growth on nutrient 
agar, white, orange or yellow in color. Dextrose, maltose, sucrose and often lactose fer- 
mented with formation of moderate amount of acid. Gelatin may be actively liquefied. 
Nitrate reduction variable. Some strains hemolytic. Type species: Staphylococcus aureus. 

The bacteria most commonly found in boils, abscesses, carbuncles and 
similar suppurative processes in man belong to the group of staphylococci. 
The presence of staphylococci in pus was first shown by Pasteur^ and later 
by Ogston.2 Micrococci were obtained in pure culture by Becker® in 1883, 
but their causal relation to the suppuration of wounds and to osteomyelitis 
was first brought out by the work of Rosenbach^ in 1884. 

Morpliology and Staining. — The spherical cells are generally aggre- 
gated in loose, irregular masses which have been likened to clusters of 
grapes, and have given the generic name to this organism. In a prepsiration 
made directly from pus or from a pure culture, not only irregular clusters 
of cells can be observed but also tetrads, pairs aud short chains of cells. 
It is, then, often difficult to determine from stained preparations whether 
only true staphylococci are present or whether there is an admixture of 
streptococci or other forms. The irregular clusters are most consistently 
observed in preparations from cultures on agar media, preparations from 
broth cultures showing, as a rule, greater dispersion of the cells. 

The staphylococci do not form spores, and motile varieties are very 
rarely observed. The ordinary aniline dyes stain the cells readily, and the 
great majority of staphylococci are gram-positive. The dimensions of the 
individual cocci vary within narrow limits, the diameter of the cells ranging 
between 0.7 and 0.9 p. 

The growth on agar media is abundant, opaque and glistening, and the 
individual colonies are circular with entire edges. Pigment may be formed, 
a golden yellow in the case of Staphylococcus aureus and lemon yellow in 
the case of Staphylococcus citreus, but it is absent and the growth appears 
white in the case of Staphylococcus albus and other less common species. 

PRysiology. — ^The optimum temperature is 28° to 37° C., the latter in 
the case of those species found in association with man and lower animals; 
but growth can also take place at temperatures as high as 42° C. and as 
low as 8° to 9° C. The best known species, sometimes designated the aerobic 
staphylococci, grow best in the presence of oxygen and to some extent 

1 Pasteur: Bull, de I’Acad. de Med., 1880, 9:447. 

2 Ogston: Brit. Med. Jour., 1881, i:S69. 

3 Becker: Deut. med. Wclmschr., 1883, 9:665. 

^ Rosenbach: Mikroorganismen bei d. Wundinfektionskrankheiten. Wiesbaden. 1884. 
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under anaerobic conditions; certain other species arc, however, strict 
anaerobes. The staphylococci in general are not fastidious in their nuLrilive 
requirements and grow readily upon the ordinary nutrient media. Investi- 
gation of Staphylococcus aureus has shown that, although frequently re- 
quiring amino acids at first, this species may in time be grown with an 
ammonium salt as a sole source of nitrogen.® Both nicotinic acid and thiamin 
(aneurin, or vitamin Bi), together with an organic sourc^e of sulfur are, 
however, required,® and uraciB must be supplied for anaerobic growth. 
Growth in such synthetic solutions is greatly improved by the addition of 
biotin (bios IIb, vitamin H), and this substance may also be require<l by 
this microorganism.® 

In the fermentation of glucose, lactic acid is the predominating end 
product (77 to 91 per cent), together with small quantities of ethyl alcohol 
and carbon dioxide.® The golden yellow pigment which distinguislu^s the 
aureus variety from other staphylococci is forrned most abundantly upon 



Fig. 38. — Staphylococcus aureus from pure culture. Note the characterisli(^ <‘luKters of the 

cocci. Fuchsin; X 1050. 


carbohydrate media or blood serum in the presence of free oxygen. '^The 
pigments produced by the chromogenic staphylococci are probably lipo- 
chromes. A specific gelatin-liquefying enzyme or gelatinase is formed in 
the majority bf gelatin and broth cultures and has been separated from 
the cultures by filtration. Other enzymes, such as rennin and maltase, are 
produced under suitable conditions. Dextrose, lactose, sucrose, maltose, 
glycerol and rnannitol are usually fermented with acid but no gas, while 
rafiinose, salicin and inulin are not attacked nor is starch hydrolyzed. 
Tndol is not produced and nitrate reduction is variable. Milk inocu- 

® Gladstone: Brit. Jour. Exp. Path., 1937, 18:S22. 

® Knight: Biochem. Jour., 1937, 3i:966. 

^ Richardson: Biochem, Jour., 1936, .?(?.'2184, 

®K6gl and van Wagtendonk: Rec. trav. chim., 1938, 57:747; Porter and Pelczar- 
Science, 1940, 9f:576. 

® Friedemann: Jour. Biol. Chem., 1939, i30:6\. 
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lated with staphylococci is usually coagulated by the acid resulting from 
fermentation, but the precipitated casein remains, as a rule, undissolved. 

The thermal death point is not constant, different strains appearing to 
vary greatly in their resistance, some succumbing only after thirty minutes’ 
exposure to a temperature of 80° C., while others are destroyed at a much 
lower temperature. Considerable resistance is displayed toward drying, 
experiments showing a retention of vitality for many days and even months 
in cultures dried upon silk threads and desiccated over calcium chloride. 
Toward the chemical substances ordinarily used as disinfectants the staph- 
ylococci also exhibit more than the average resistance. They are, in general, 
among the hardiest of the non-spore-forming bacteria. 

Toxins — A variety of toxic substances are produced by staphylococci, 
including hemolysins, leucocidin, coagulase, fibrinolysin, spreading factor 
(Duran-Reynals factor), skin-necrotizing substance, a lethal factor and 
entero toxin. 



Fig. 39.- 


-Colonies of Staphylococcus aureus on nutrient agar. Twenty-four-hour cul- 
ture: X 3. 


Hemolysins . — The pyogenic staphylococci are almost invariably /3-hemo- 
lytic on blood plates and produce filterable hemolysins in broth culture, 
while the saprophytic forms are less frequently hemolytic. The filterable 
hemolysins (staphylolysins) are of two types, one lysing red cells upon 
incubation (a-lysin) and the other (iS-lysin) only after holding in the ice- 
box following preliminary incubation — the so-called “hot-cold” lysis 
(p. 178). 

Other Toxins . — The ability of many pyogenic staphylococci to coagu- 
late citrated plasma, lyse fibrin clots, kill leucocytes and increase the 
permeability of the skin may be shown by appropriate techniques. Sterile 
filtrates from broth cultures produce necrosis upon intradermal injection, 
the so-called skin-necrotizing factor, and almost immediate death when 
injected intravenously into rabbits. Whether these and other effects are 
10 C/. Blair: Bact. Rev., 1937, 3:97. 
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due to the activity of sepai’ate substances or various manifestations of the 
activity of a single substance is uncertain. It is definitely established that 
more than one hemolysin is produced and that the enterotoxic substance, 
effective per os and of considerable food-poisoning significance (p. 242), is 
not identical with the other activities. More than one toxic substance is 
produced, then, but probably some of these produce more than one effect. 
In general, toxin production is a property of the pathog(nuc staphyloc^occi, 
usually of the aureus variety. 

Variation. — Like other bacteria, the staphylococci dissociate, and both 
rough and G colonial types have been described.” These have not been 
thoroughly studied, however, and are not well known. 

Classification. — The genus Staphylococcus is one of four whicti make 
up the family Micrococcaceae. The staphylococci are, in turn, roughly divis- 
ible into two types, the one designated as aerobic, though tlui bacderia are 
in fact facultative anaerobes, and the other which is strictly anaerobi(^ The 
species comprising the former group, which is by far the better known, are 
the pigmented forms Staphylococcus aureus, which is golden yellow and 
generally pathogenic, and Staphylococcus citreus, which is lemon yellow and 
a saprophyte, together with the non-pigmen ted Staphylococcus alhiis, 
Staphylococcus epidermis. Staphylococcus muscae and Staphylococcus phar- 
yngis. The non-pigmented forms are saprophy tic or only feebly palhogcmic* 
and are commonly not distinguished but lumped under the name of albus. 
There are three species of strict anaerobes. Staphylococcus aerogenes, Staph- 
ylococcus asaccharolyticus and Staphylococcus anaerobius. These anaerobic^ 
species are inhabitants of the body cavities, and the first is occ^asionally 
the cause of puerperal fever. 

Physiological Differentiation. — The validity of these species is, however, 
open to serious question. The differentiation of the better known aerobic*, 
species on the basis of pigment production is of doubtful value, foi* this 
characteristic is variable. Recently isolated pyogenic cocci forming a rich 
golden pigment lose this property on continued cultivation on artificial 
media and become identical with the alhus variety. No biochemical tests 
serve to sharply differentiate these bacteria from one another. The strains 
that produce white colonies are, as a rule, less active in gelatin liquefacvtion 
and fermentative power, and hence have been sometimes r(‘.gard(^d as 
weakened relatives of the biochemically more vigorous golden pigmented 
types. The alhus strains are also as a rule only feebly pathogenic. Dextrose, 
maltose and glycerol are fermented by nearly all aureus strains and by a 
consistently lower proportion of alhus strains, lactose and mannitol by 
about four-fifths of the aureus and by about one-third (mannitol) to 
two-thirds (lactose) of the albus strains.^^ general, the types most com- 
monly isolated from air, dust, and other sources outside of the human 
body are white staphylococci, while those found associated with pathologic 
conditions are aureus strains. The general opinion is that the staphylococci 
form a closely graded series from the pigmented, hemolytic, gelatin-lique- 

Hoffstadt and Youmans: Jour. Inf. Dis., 1932, 5i:216; Bigger, Boland and O’Meara: 
Jour. Path. Bact., 1927, 30 : 261 ; Swingle: Jour. Bact., 1935, 29:467. 

12 Dudgeon and Sinapson: Jour. Hyg., 1927, 27:160. 
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fying, pathogenic, actively fermenting strains to those that are unpig- 
mented, feebly pathogenic and less actively hemolytic, liquefying and 
fermenting. 

Immunological Differentiation . — Differentiation of the staphylococci on 
the basis of agglutination reactions has as yet been unsatisfactory. In 
recent years, however, it has been shown^^ that two immunological types 
may be differentiated by precipitation tests with specific carbohydrates 
extracted from the microorganisms. One of these types, designated type A, 
is composed for the most part of strains isolated from pathogenic sources, 
while the other, type B, comprises strains of non-pathogenic origin. The 
majority of type A strains ferment mannitol, while those of type B 
do not. 

The Coagulase Test . — The ability of staphylococcus strains to coagulate 
plasma appears to be associated with pathogenicity in that the majority 
of strains isolated from pathologic processes are coagulase-positive while 
the saprophytic strains are usually coagulase-negative. It has been sug- 
gested that the staphylococci be divided into “pathogenic” and “non- 
pathogenic” types on this basis, and in recent years the coagulase test has 
been generally used.’® It has been found also that coagulase-positive strains 
clump rapidly when mixed with fresh human plasma; the C02-soluble 
fraction of fibrinogen seems to be the most important part of the plasma in 
effecting immediate clumping.’® The slide test”^ for clumping, carried out by 
mixing fresh, undiluted human plasma with heavy bacterial suspension, is 
a simple and rapid means of differentiation. 

Pathogenicity for Man.’® — Experimental evidence and that of com- 
parative pathology show that man is more susceptible than the ordinary 
laboratory animals to staphylococcus infection. Gaxre^® inoculated himself 
by rubbing a pure culture upon the uninjured skin of the forearm, with the 
result that a series of carbuncles was produced, seventeen scars remaining 
to testify to the success of the experiment. His experiments were repeated 
and confirmed by other workers,^®’ The penetration of the cocci into the 
deeper layers of the intact skin, probably through the sweat ducts or at the 
base of the hair follicles, is a fact of considerable significance. The positive 
occurrence of such penetration seems well established, and the negative 
observations of some authors may well be referred to differences in the 
virulence of the strains employed or to other experimental discrepancies. 

The demonstration that staphylococci have power under certain circum- 
stances to penetrate the skin, taken together with their practically constant 
presence upon the skin itself, serves to explain the multiplicity of human 
affections with which these microorganisms are found associated. A momen- 

Cf. JuHaiLeUe and Wieghard: Jour. Exp. Med., 1935, 62:11, 23, 31. 

Cf. Fairbrother: Jour. Path. Bact., 1940, 50:83. 

For details see Fisk: Brit. Jour. Exp. Path., 1940, 2f:311; Gillespie: Med. Res. 
Council (Great Britain) Monthly Bull., Emergency Pub. Health Lab. Service, 1943, 2:19. 

Berger: Jour. Path. Bact., 1943, 55:435. 

Cf. Cadness-Graves, Williams, Harper and Miles: Lancet, 1943, i:7Z6. 

1® Garr6: Fortschr. d. Med., 1885, 5:165. 

i®Bockhart: Baumgarten, Lehrbuch der path. Mykologie. Braunschweig. 1890. 

20 Kaufmann: Baumgarten’s Jahresb., 1900, i6:110. 
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tary weakness on the part of the tissues iii almost any locality may lead to 
a rapid local invasion, followed by the production of a simple boil or by a 
more or less extensive carbuncular condition. Septicemia an/l pyemia some- 
times result through the introduction of staphy locoed iuU) the lymphatics 
or the blood stream from a local abscess. The initial lesion may be trivial 
in character. In the series of 122 cases studied by Skinner and Keefer-^ (lie 
case fatality rate was 82 per cent. Rapidly fatal baederemia may ot‘,cur 
without metastatic abscesses or metastatic abscesses may be prodmuul, or 
the bacteremia may clear but leave focal abscesses and the infec^tion still 
be fatal. 

Staphylococci are not only found frequently in all pai ts of the body in 
secondary and mixed infections, but they are also primarily responsible for 
a variety of specific pathologic conditions and for injury to particiular 
organs Many lesions and diseases of the skin have been attributed to 
staphylococci. In the case of some of these it has been claimed that, special 
varieties or races are concerned, but the characters said to distinguish these 
from the ordinary Staphylococcus aureus or albus are not, as a rule, of 
differential value. 

A considerable majority of all attacks of acute osteomyelitis and pi^rios- 
titis are due to staphylococci, which appear to have a special predi lend ion 
for the tissues of the osseous system. 

Suppurative inflammation, in whatever part of the body it may ocHUir, 
is usually associated with the presence of staphylococci cither in puri^ or 
mixed cultures. Sometimes when found in a mixed infection they arc doubt- 
less the original exciting cause; in other cases they may have arrived at the 
seat of trouble only after a primary invasion by some other bacterium. In 
a given instance it may be impossible to determine the precise sccpicnco of 
events. 

Staphylococcus infection of the lung sometimes occurs, and the resulting 
bronchopneumonia is often fatal. Out of about 800 patients with pneu- 
monia treated at the Hospital of the Rockefeller Institute in New York 
City from 1913 to 1918, 13 were infected with staphylococci, and 10 of the 
13 died. Under certain conditions, as during the 1918 influenza epidemic at 
Camp Jackson, Staphylococcus aureus may play an important part in the 
pneumonia complicating primary infections. Chickering and Park^^ found 
that in 49 per cent of 312 postmortem lung cultures this microorganism was 
present either alone (92 cases) or in association with other bacteria. Simi- 
larly, Gaspar^^ found that of 144 fatal cases of pneumonia cultured at 
autopsy, 38 were caused by staphylococci. In this series about two-thirds 
of the staphylococcus pneumonias occurred in the first decade of life. The 
presence of staphylococcus in the lungs is usually interpreted as a secondary 
invasion in the train of some primary exciting agent. 

Staphylococcus food poisoning has been discussed in a previous chapter 
(Chap. 11). 

Bacteriological Diagnosis. — The isolation of staphylococci from path- 

Skinner and Keefer: Arch. Int. Med., 1941, ^^:851. 

22 Chickering and Park: Jour. Amer. Med. Assn., 1919, 72:617. 

23 Caspar: New York State Jour. Med., 1941, 4^:834. 
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ologic material or from foods suspected in outbreaks of food poisoning is a 
simple matter. Blood agar is the medium of choice since the pathogenic 
strains are usually hemolytic Staphylococcus aureus and the hemolytic char- 
acter is apparent on this medium. Examination of gram-stained smears 
from golden-yellow hemolytic colonies will show the characteristic morphol- 
ogy. Colonies may be picked for the coagulase test (see above) but fermen- 
tations are not significant and immunological typing is desirable only in 
special studies. The ability to form enterotoxin in the case of food poisoning 
strains may be demonstrated by feeding sterile filtrate of subcultures 
incubated in 25 per cent CO 2 to human volunteers in amounts of 2 to 5 cc., 
or to rhesus monkeys by stomach tube in 25 to 50 cc. amounts. The kitten 
test for enterotoxin is not reliable. 

Pathogenicity for Lower Animals. — The rabbit has proved one of 
the more favorable animals for experimentation, intravenous injection of 
broth cultures being the most successful mode of infection. A moderately 
virulent strain kills an average-sized rabbit in four to eight days after 
injection of 0.1 cc. of a twenty-four hour broth culture. On autopsy, minute 
abscesses are found in various internal organs, most commonly in the kid- 
ney (particularly in the cortex) and in the walls of the heart. Under 
ordinary conditions of experiment with healthy adult rabbits the bone 
marrow and periosteum ai’e rarely seriously affected. In young animals, 
however, several workers have claimed to have evoked typical osteomyelitis 
by intravenous injection of staphylococcus cultures. It is perhaps ques- 
tionable whether in these cases the processes in the affected tissues are 
strictly comparable with natural osteomyelitis in man. The injection of 
cultures into a rabbit suffering from a fractured bone or an injured perios- 
teum produces a more characteristic chain of events, and one that closely 
resembles the course of human osteomyehtis. Rabbits are relatively insus- 
ceptible to intraperitoneal inoculation with staphylococci. Artificial inocu- 
lation of the eye, on the other hand, succeeds readily, although natural eye 
infection is never observed. Feeding experiments with staphylococci do not 
produce infection. White mice are sometimes used for inoculation experi- 
ments, but are less uniformly responsive than rabbits; guinea pigs are 
relatively resistant, rats and pigeons highly so. 

Cases of spontaneous staphylococcus infection among domestic animals, 
while not so common as in man, are not unknown. In horses and cattle 
Staphylococcus aureus has been found associated with pathologic processes 
and conditions similar to those that it produces in man. Staphylococcus 
mastitis in cattle is not uncommon.^^ Some observers believe that they have 
discovered special species of staphylococci in certain animal affections, such 
as ''Staphylococcus hovW (in cattle) and "Staphylococcus hemorrhagicus” 
(in sheep), but such species are of doubtful validity. Typical strains of 
Staphylococcus aureus and alhus have been isolated from spontaneous 
abscesses in birds. A definite disease of the house fly has been traced to a 
specific staphylococcus (Staphylococcus muscae)P 

24 Cf. Minett: Jotjt. Comp. Path. Therap., 1937, 50:101; Plastridge, Anderson, Wil- 
liams and Weirether: Storrs Agr. Exp. Station Bull. No. 231, 1939. 

Glaser: Amer. Jour. Hyg., 1924, 4:411. 



314 


The Staphylococci 

Immunity. — An active immunity may be developed against staphylo- 
coccal infection by immunization with vaccines. In the rabbit the use of 
killed suspensions followed by living attenuated bacteria occasionally re- 
sults in infection, and the inoculation of these microorganisms is somewhat 
dangerous. Immunization of human beings is, therefore, confined to the 
use of killed suspensions. The immunity so induced is in part antibacterial 
and in part antitoxic if the toxic products of the microorganism are included 
in the vaccine. The antibacterial immunity appears to be essentially a 
stimulation of the phagocytic mechanisms; the rate of phagocytosis is 
remarkably increased, and the activity of the phagocytic cells is of prime 
importance in combating infection with these bacteria. According to Valen- 
tine and Butler^® antileucocidin is of considerable importance in the im- 
munity. Antibacterial sera will protect untreated animals against infection, 
and the acquired immunity is associated with an increase in the amoun t of 
opsonin. 



Fig. 40 . — Micrococcus teiragenus; smear from pure culture stained with fuchsin. Note 
the relatively large size of the cells and the typical tetrad arrangement, with the irregular 
clumps tending to be made up of tetrads. X 1800. 

The therapeutic use of vaccines in the treatment of boils and carbuncles 
and chronic furunculosis in man has met with some success. There is good 
evidence that the autogenous staphylococcus vaccine (the strain culti- 
vated from the patient) is more efficacious than the ordinary stock vaccine. 

In recent years considerable interest has attached to the antitoxic aspect 
of antistaphylococcus immunity. Toxoid, prepared by treating staphylo- 
coccus culture filtrates with formalin, has been used in producing an active 
antitoxic immunity, and a number of attempts have been made to demon- 
strate the efficacy of antitoxic sera. The therapeutic use of toxoid has 
given encouraging results in some instances, and it is of interest that the 

Valentine and Butler: Lancet, 1939, u:97S. 

^ Cf. Flaum: Acta. Path. Microbiol. Scand., Suppl. 35, 1938. 

Cf. Kdeiger and Blair: Arch. Surg., 1943, 4^:548. 

Gaffky: Mitt. a. d. k. Gesund., Berlin, 1881, 1:1. 
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antileucocidin appears to be of particular significance.^’' The value of an- 
titoxic sera is uncertain. Their use, either through parenteral inoculation 
or local application, has not led to unequivocal results though in a number 
of instances very favorable results have been reported.^® The antitoxin, it 
may be noted, is standardized in terms of antihemolysin, one unit being 
that amount which will neutralize 200 minimum hemolytic doses of toxin; 
in consequence the toxin is sometimes differentiated into a-toxin and d- 
toxin, referring to the a- and |34ysins. 

OTHER MICROCOCCI 

A variety of micrococci, both pigmented and otherwise, have been de- 
scribed, most of which are saprophytic forms found in water and elsewhere 
in nature. A well-known representative of this group is Sarcina lutea, a 



Fig. 41. — Colonies of Micrococcus tetragenus on blood agar. Twenty-four-hour cul- 
ture. X 3. 


coccal form producing a bright yellow pigment which derives its generic 
name from a tendency to form cubical packets of eight cells. 

Micrococcus tetragenus (Gaffkya tetragena) is a parasitic coccus frequently 
found on the mucous membranes of the upper respiratory tract. It was 
discovered by Gaffky^® in the pulmonary cavities in phthisis, and has been 
found in pure culture in abscesses in animals and man,®° and often occurs 
in the healthy mouth. Morphologically Micrococcus tetragenus is distin- 
guished by its occurrence in tetrads or groups consisting of four small oval 
cocci. It is gram-positive. In cultures the sheet-like arrangement is not 
always seen, but in the animal organism the flat tablets occur uniformly, 
and a rather heavy capsule surrounds the tetrad. On agar a confluent 
rough, elevated white growth is produced. On potato a thick, white, slimy 
growth occurs. Gelatin is not liquefied ; milk is coagulated. Growth is slow 
and occurs at 20"^ and at 37° G., though better at the higher temperature. 

30 MiiUer: Wieri. klin. Wchnschr., 1904, f 7:815. 
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White mice inoculated with Micrococcus telragenus succumb to a rapidly 
progressing septicemia. Guinea pigs and rabbits usually show only a local 
affection. House mice and rats are relatively resistant. Fornaca'*^ has re- 
ported a case of septicemia in man in which Micrococcus telragenus was 
present in pure culture in the blood. It is not uncommonly found in sup- 
purations of the mouth and neck. It is also found in the empyema following 
pneumonia and in the pus of war wounds. 

This microorganism is probably of low-grade virulence, and unable, as 
a rule, to invade the human tissues except when the resistance is lowered 
by some depressing influence, especially of the kind caused by the invasion 
of some other bacterium. 

31 Fornaca; Rif. Med., 1903, f 9:309. 
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Family: Lactohacteriaceae, Tribe: Strep tococcaceae. Genus: Streptococcus. Chiefly para- 
sites. Cells normally in short or long chains (under unfavoreihle conditions, sometimes in 
pairs and small groups, never in large packets). Generally gram-positive. Capsules rarely 
present, no zoogleal masses. On agar streak, diffused translucent growth, often with iso- 
lated colonies. In stab-culture, little surface growth. Many sugars fermented with forma- 
tion of large amount of acid, but inulin is rarely attacked. Generally fail to liquefy gelatin 
or reduce nitrates. Type species: Streptococcus pyogenes. 

There is, in addition to the staphylococci, a large group of pyogenic 
cocci characterized by an arrangement of the cells in. chains, which are 
responsible for a variety of human aifections. The streptococci were early 
observed^ in the pus formed during suppurative inflammation, but their 
constant presence and pathologic significance were first emphasized by 
Ogston,^ Fehleisen,^ and Rosenbach.^ These microorganisms are found 
in nature in a variety of places, in water, milk, human and animal feces, 
and the healthy human throat, as well as in many diseased conditions of 
man and lower animals. 

Morphology and Staining. — Individual streptococci, like staphylo- 
cocci, are spherical, but differ from the latter in being usually united in 
longer or shorter chains. The diameter of the individual cocci is about 1 p, 
although some variation is noted according to the character of the culture 
medium, and the cells are frequently considerably smaller in anaerobic 
cultures. Smaller varieties, one-half to two-thirds the diameter of the usual 
streptococci, have been described.® The typical streptococcus always di- 
vides in one plane, so that if the cells remain united a typical chain results. 
Transition forms between this and the staphylococcus have, however, been 
observed. Streptococci are not motile under ordinary conditions of obser- 
vation, though motile species have been described,® and do not form spores. 
Most strains are encapsulated; in some cases the capsular material consists, 
in part at least, of hyaluronic acid (p. 183), and rare strains are pigmented.'^ 
They stain readily with the ordinary aniline dyes. Those isolated from 
pathologic processes in man are gram-positive, but some streptococci found 
in suppurative conditions in domestic animals are said to be gram-negative. 

Some of the early investigators drew an important distinction between 
long-chain C Streptococcus longus'") and short-chain {''Streptococcus brevis'') 

^ Cf. Thomson and Thomson: Editors of Annals of the Pickett-Thomson Research 
Laboratory, Vol. 3, Baltimore, 1927. 

* Ogston: Brit. Med. Jour., 1881, 1:369. 

3 Fehleisen: Aetiol. d. Erysipels. Berlin, 1883. 

^ Rosenbach: Mikroorganismen'hei d. Wundinfektionskrankheiten. Wiesbaden, 1884. 

6 Long and Bliss: Jour. Exp. Med., 1934, €0:619; Jour. Inf. Dis., 1938, €2:52. 

® Cf. Levenson; Ann. Inst. Pasteur, 1938, €0:99 for a discussion of these forms. 

^ Wheeler and Foley: Proc. Soc. Exp. Biol. Med., 1942, 49:421. 
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streptococci. The former were thought to be more virulent, and. as a matter 
of fact, the streptococci freshly isolated from disease in man usually grow out 
into long chains of more than eight ceils, while saprophytic strep tococci, such 
as are commonly found in the normal mouth and throat, develop shor I chains. 
Other morphological and biological characteristics were believed to corre- 
spond. It has been found possible, however, to transform the long-chain 
into the short-chain variety by alteration in the culture medium; growth 
on semisolid media, for example, is generally in the form of pairs and short 
chains, while the longer chains are form’ed in liquid culture. Short-chain 
streptococci which are virulent are sometimes isolated from pathologic proc- 
esses. Any absolute distinction is, therefore, not possible, but the separa- 
tion of long-chain and short-chain forms has some value as a generally 
valid correlation character. 


t ■ 




L « 

Fig. 42 . — Streptococcus pyogenes. Recently isolated scarlet fever strain. Note the tendency 
to diplococcus arrangement in the chains. Fuchsin; X 1050. 

Streptococcus colouies on semisolid media are generally very small, 
translucent, convex, entire and slightly granular. Growth may be confluent 
in a transparent film, but there is a tendency for the colonies to remaiti 
discrete. 

Physiology. — As a group, the streptococci will grow over a temperature 
range of 20° to 42° C. with an optimum at 37° C. This range is somewhat 
less for the pathogenic varieties. The majority of streptococci are faculta- 
tive anaerobes, though there are some strictly anaerobic or microaerophilic 
varieties. The r61e of the anaerobic varieties in human infections is reviewed 
by McDonald, Henthorne and Thompson.^ The streptococci are somewhat 
more fastidious in their nutritive requirements than some other bacteria, 
and growth on the nutrient (beef extract) media either is scanty or does not 
occur at all. The infusion media are, however, adequate, and growth may 
be enhanced by the addition of small amounts of glucose or of blood, ascitic 

8 McDonald, Henthorne and Thompson: Arch. Path., 1937, 2.?:230; see also Stone: 
Jour. Bact., 1940, 59:559. 
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fluid and similar substances. Many strains are hemolytic on blood agar, 
some showing the clear zone surrounding the colony of complete or jS- 
hemolysis and others a zone of green discoloration termed a-hemolysis. The 
source of the blood is not important though human blood is reported to be 
less satisfactory than animal bloods.^ 

Growth occurs in milk, and is usually followed by curdling due to the 
fermentation of the lactose, but some strains, particularly the long-chain 
varieties, do not produce sufficient acid to precipitate the casein. Upon 
potato a more or less luxuriant growth is produced by most saprophytic 
forms, but the pathogenic varieties develop sparingly, and many refuse 
to grow at all. Streptococcus cultures are best preserved in serum broth 
or gelatin stabs in the icebox. 

The complex nutritive requirements of the streptococci have not been 
defined with precision, but it appears that glutamine, riboflavine, panto- 
thenic acid, vitamin Be, and a variety of amino acids and probably other 
substances are required by these bacteria. Some strains have been culti- 
vated in a synthetic or chemically defined medium.’® Bernheimer and 
Pappenheimer^’ have developed a medium made up of hydrolyzed casein 
supplemented with amino acids, salts, glucose and vitamins of the B group 
which supports good growth of hemolytic streptococci. 

A wide variety of sugars are fermented by the streptococci as a group 
but, with rare exceptions, inulin is not fermented and these microorganisms 
are not dissolved by ox bile or a iO per cent solution of bile salts, characteristics 
of considerable practical significance, for they serve to differentiate the 
streptococci from the pneumococci. The hydrolysis of starch, esculin and 
sodium hippurate may or may not occur. The chief product of glucose 
fermentation is lactic acid, and small amounts of formic and acetic acids 
and ethyl alcohol are formed.’^ 

Toxins. — The cell substance of streptococci possesses only slight tox- 
icity, and virulent strains do not differ from avirulent in this respect. A 
variety of toxic substances may be found in streptococcus culture fluid, 
however, including hemolysins, fibrinolysin, leucocidin, spreading factor 
and an erythrogenic toxin. 

At least two types of filterable hemolysin are formed by streptococci, the 
one sensitive to heat and acid and designated streptolysin S, and the other 
resistant to these but sensitive to oxygen and designated streptolysin 0.’® 
The inactivation of hemolysin by oxidation is reversible, and activity may 
be restored by mild reducing agents. The action of fibrinolysin, leucocidin 
and spreading factor have heen discussed elsewhere (Chapter 8) and need 
not be further considered here. 

® Dance and Mxxrray: Jour. Inf. Dis., 1938, 63:1.22. 

^0 Hutchings and Wooley: Science, 1939, 90.*41. See also Mcllwain et al.: Biochem. 
Jour., 1939, 55:223; Hutner: Jour. Bact., 1938, 55:429; King, Gary and Farrell: Jour. 
Bact., 1938, 5d:837; Subbarow and Rane: Jour. Amer Cbem. Soc., 1939, ^1:1616; 
Wooley: Jour. Exp. Med., 1941, 75:487. 

Bernheimer and Pappenheimer: Jour. Bact., 1942, 45:481, 495. 

Friedemann: Jour. Bact., 1938, 55:527; Jour. Biol. Cbem., 1939, 155:757; Smith and 
Sherman: Jour. Bact., 1942, 45:725. 

13 Todd: Jour. Path. Bact., 1938. 47:423. 
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The erythrogenic toxin is a substance which, upon inlradennal injection 
in man, gives rise to a marked local erythema. Lower animals, with the 
possible exception of the rabbit, are not susceptible to this action, but it has 
been reported^ ^ that the lethal agent (for mice) produced in brolJi cultures 
cannot be distinguished from the erythrogenic toxin in properties and is 
neutralized by erythrogenic antitoxin. This toxin is responsible for the rash 
and systemic symptoms in scarlet fever and is also known as sc‘,arJatinal 
toxin or Dick toxin, after its discoverers (p. 330). It is antigenic, and in- 
duces the formation of antitoxin although not to the high titers tluit are 
found in diphtheria, tetanus and other antitoxic sera. It also <lincrs from 
the other soluble toxins in that it is relatively heat-resistant , some toxicity 
still remaining in filtrates boiled for thirty minutes. 

The production of these toxic substances is a pioperty of streptococci 
as a group. Not all streptococci produce them, and toxin prod motion is 



Fig.f43 . — Streptococcus fecalis. P strain isolated from focal infection. Smc'sar from pure 

culture. Fuchsin; X 1050. 


roughly correlated with pathogenicity; saprophytic forms, for example, are 
frequently non-hemolytic, non-fibrinolytic and the like. 

Variation. — Alterations in the morphology of the individual c 5 ells are 
frequently observed in old cultures; individual cocci may become swollen 
to several times their normal size before disintegration. These and other 
changes have been interpreted by some as indicating a complex life cycde 
for these bacteria (see Chapter 6). Dissociative changes in colonial mor- 
phology are also well known. Three colonial types were described by 
Todd^s — in addition to the usual smooth and rough forms, an intermediate 
finely granular colony designated as “matt.’’ It is of interest that the 
“matt” colony is the virulent form, both the smooth or “glossy” and rough 
forms being avirulent. Dawson has termed the “matt” form “mucoid” and 
has elucidated some of the immunological aspects of these dissociative 

Folay: Science, 1943, 9^:370. 

Todd: Brit. Jour. Exp. Path., 1928, 9:91; Jour. Exp. Med., 1932, 55:267. 
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changes.^® According to Morison^^ the presence of capsules is associated 
with the type of colonial morphology. 

Classification. IS — Few groups of bacteria are so difficult to differentiate 
and classify as the streptococci. Blood plate hemolysis, biochemical charac- 
teristics and immunological relationships have been and are used in the 
differentiation of these microorganisms, and, although certain broad groups 
are observed, the separation of “types” and the definition of species are 
matters upon which there is by no means general agreement. 

One of the most important of these criteria has been that of blood plate 
hemolysis, which was introduced by Schottmiiller^® and later subjected to 
elaborate study by Brown^® and others. On this basis three types of aerobic 
streptococci may be distinguished: (a) the jS-hemolytic streptococci, 
grouped under the name Streptococcus hemolyticus; (Jb) the a-hemolytic or 
green-producing streptococci, grouped as Streptococcus viridans; and (c) 



Fig, 44 . — Streptococcus pyogenes. Pure culture on blood agar showing ^ hemolysis. X 5. 


the indifferent or t streptococci, termed Streptococcus anhemolyticus. Of 
these the hemolytic streptococci are, for the most part, those highly virulent 
forms associated with a variety of infections; the green streptococci, al- 
though producing disease, are considerably less virulent; while the non- 
hemolytic strains are generally saprophytes. These groups are broad and 
heterogeneous in that each is made up of a variety of different strains; 
hence a single species name, such as Sir. hemolyticus, is too inclusive to be 
of real value. 

Cf. Dawson, Hobby and Olmstead; Jour. Inf. Dis., 1938, ^2:138. 

Morison; Jour. Path. Bact., 1940, 5f:401. 

The interrelationships of the streptococci are discussed at length by Sherman: Jour. 
Bact., 1938, .?5;81; Bact. Rev., 1937, i:l. 

Schottmiiller : Miinch. med. Wchnschr., 1903, 50:849- 
20 Brown: The Use of Blood Agar for the Study of Streptococci. Monograph No. 9, Rocke- 
IxitSiji tUL'to 1919 

Lyall: Jour. Med. Res., 1914, 30.-487; Holman: Jour. Med. Res., 1916, J4.-377: 
Blake: Jour. Med. Res., 1917, 36.-99. 
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Each of these broad groups may be subdivided into a scries of species, 
types and varieties. Of the criteria that have been used, perhaps the least 
desirable is that of pathogenicity, which has led to the postulation of dis- 
ease-specific types of streptococci such as Str. scarlatinae. Sir. epidemicus 
(septic sore throat) and others, and there is little or no justification for the 
creation of such species. Two other criteria are used, usually to supplement 
one another, fermentation reactions and antigenic structure. 

The Hemolytic Streptococci , — ^Greatest interest has centered about the 
iS-hemolytic streptococci, for they are associated, for the most part, with 
diseases of man and lower animals. Although some use is made of cultural 
characteristics, emphasis has been placed primarily upon immunological 
methods for their differentiation. These immunological methods are of two 
types, first, agglutination and, second, precipitin tests with soluble antigens 
prepared from the bacterial cells. 


INCIDENCE OF STREPTOCOCCI OF GROUPS A AND C IN HUMAN 

INFECTIONS* 


Type of Infection 

Number 

of 

Strains 

Group A 

Group ( ' 

Nunaber 

I^er cent, 

NuinlxT 

P<‘.r ctuit 

Scarlet fever 

232 

229 

98.7 

3 

I .3 

Tonsillitis and septic sore throat 

52 

52 

100.0 

0 

0 

Rheumatic fever and rheumatic ar- 






thritis 

19 

19 

100.0 

0 

0 

Puerperal sepsis 

55 


92.7 

4 

7.3 

Erysipelas 

51 

48 

94 . 1 

3 

5.9 

Miscellaneous 

143 

136 

95 . 1 

7 

4.9 

Total 

552 

535 

96.9 

17 

3.1 


* From Evans: Jour. Bact., 1944!, 4<9.*267. 


The main contributor to the differentiation of the streptococci on the 
basis of agglutination tests has been Griffith.^^ He has by this means differ- 
entiated and numbered twenty-seven types of pathogenic streptococci iso- 
lated from pathologic processes in man. Lancefield,^^ on the other hand, 
has made use of the precipitin test and has shown the presence of both 
group-specific and type-specific antigens in the hemolytic streptococci; i.e., 
these bacteria fall into immunological groups as a consequence of the pres- 
ence of a group-specific “C” substance which is a polysaccharide haptene, 
and the groups are in turn subdivided into immunological types by a type- 
specific ‘‘M” substance which is protein in nature. An additional antigen, 

22 Cf. Griffith: Jour. Hyg., 1935, 55:23. 

23 Lancefield: Jour. Exp. Med., 1925, 42:377, 397; ibid., 1928, 47:91,- 469, 481, 483, 857; 
ibid., 1933, 57:571. 
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designated “T” substance, is also type-specific and differs from the “M” sub- 
stance in that it is resistant to proteolytic digestion.^^ The biochemistry of 
these antigens has been reviewed by Kabat^^ and more recently studied by 
Lancefield.^® The “M” and “T’’ substances are independent and may occur 
separately and in heterologous combination; thus the same strain of strep- 
tococcus may show more than one type specificity, i. e., be a mixed type.^^ 
The agglutinogens of Griffith’s types are these last antigens. 

The biological significance of Lancefield’s groups is indicated by the cor- 
relation of this immunological division with the natural habitat of the 
bacteria and by the relative biochemical homogeneity of the immunological 
groups.^® Five groups were originally described: 

Group A — pathogenic for man, 

Group B — derived for the most part from cases of mastitis, 

Group C — from various pathologic processes of lower animals, 

Group D — isolated from cheese, and 
Group E — isolated from milk. 

Further investigation has confirmed this correspondence between group 
specificity and bacterial habitat and, in general, the hemolytic streptococci 
pathogenic for man are those of Group A, although there are occasional 
cases of infection with Group C. The animal pathogens are largely Groups 
B and C, and streptococci of the other groups are either saprophytic or non- 
pathogenic forms present in the intestine and other parts of the body.^® 
To these five original groups others have been added which cannot be dis- 
cussed at length here. A combination of both precipitin and agglutination 
reactions for typing is necessary for complete epidemiological studies.^ ° 
While the original differentiation of these groups was carried out with iS- 
hemolytic streptococci, not all strains which fall into them are /S-hemolytic. 

The Green- Producing Streptococci (Viridans Type ). — The streptococci 
producing the green discoloration of a-hemolysis on blood agar differ from 
those of the jS-hemolytic type in that a satisfactory subdivision by aggluti- 
nation or precipitation methods has not been possible. Their differentiation 
is, then, possible only through fermentative and other biochemical charac- 
teristics. The viridans streptococci are, for the most part, of much lower 
pathogenic power than the jS-hemolytic varieties, although at times highly 
virulent strains have been isolated. These streptococci are not infrequently 
found in blood culture in cases of subacute bacterial endocarditis and in 
focal infections of one sort or another, and are constant inhabitants of the 
intestinal tract of man and lower animals. The designation enterococcus is 
used by most French writers for the streptococci of the human intestine. 
In general, then, it may be said that the group of green streptococci con- 

24 Lancefield: Jour. Exp. Med., 1940, 7i:539. 

2s Kabat: Jour. Immunol., 1943, 47:513. 

2 ® Lancefield: Jour. Exp. Med., 1943, 75:465; ibid., 1944, 79:19. 

27 Cf. Elliott: Brit. Jour. Exp. Path., 1943, 24:159; Watson and Lancefield: Jour. Exp. 
Med., 1944, 79:89- 

2s Cf. Evans and Verder: Jour. Bact., J938, 56:133. 

29 For an account of the world-wide distribution of these groups see Rantz: Jour. Inf. 
Dis., 1941, 65:128; ibid., 1942, 7f :61. 

3° Cf. Krumwiede: Jour. Bact., 1943, 46:117. 
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tains a number of microorganisms of potential pathogenic power as well 
as numerous saprophytic types. 

The Indifferent Streptococci (Gamma Type). — Those streptococci which 
produce no change in the usual blood media are, in general, saprophy tic 
forms which may be found in milk and various dairy products, and few if 
any of these are pathogenic for man or lower animals. 

The classification of streptococci on the basis of hemolysis on blood agar, 
although a convenient procedure in many respects, is not altogether satis- 
factory, not only because each group is sufficiently heterogeneous that, a 
single species name is not only undesirable but impractical, as noted above, 
but also because the characteristic of hemolysis cuts across other distinc- 
tions and groups certain varieties together that, by other criteria, are more 
closely related to members of other groups than to members of their own. 

The Anaerobic Streptococci. — Streptococci of strictly anaerobic character 
may be found in the mouth, intestine and vagina and have been isolated 
occasionally from pathological lesions {e.g., puerperal sepsis) in man. They 
are usually non-hemolytic and gas-forming. It may be noted that many of 
the commoner types of streptococci will grow under anaerobic conditions, 
and it is possible that these are the ones isolated from empy ema and o ther 
suppurative conditions by anaerobic culture bu t later prove to grow aero- 
bically. 

Clearly Defined Species of the Genus Streptococcus. — As indicated above, 
there is no general agreement on this point, but, since some systematic 
approach is essential, the species proposed by Bergey®’ may be accepted in 
the tentative spirit in which they are offered. 

Al. The pyogenic group: 

1. Sodium hippurate — : 

(a) Lactose -4-: 

(1) Sorbitol — , trehalose 

Streptococcus pyogenes. /3-hemolytic, Lancefield Group A. In- 
cludes all the important human pathogens. 

(2) Sorbitol -(-, trehalose — : 

Streptococcus sp. (animal pyogenews). /3-hemolytic, Lanc<jfi(ild 
Group G. Various infections of lower animals. 

(b) Lactose — : 

Streptococcus equi. /S-hemolytic, Lancefield Group G. Cause of strangles 

in horses. 

2. Sodium hippurate -|- : 

Streptococcus agalactiae (formerly mastitidis) . /3-hemolytic, Lancefield Group 
B. The most common cause of mastitis in cattle. 

B. The viridans group. Since none of these green-producing streptococci is /9-herno“ 
lytic, they are not included in Lancefield’ s groups. 

1. Lactose -|- : 

(a) Do not grow at 50° C.: 

(1) Starch — , do not survive 60° C. for thirty minutes, growth in- 
hibited by bile: 

Streptococcus salivarius.^^ Found in subacute endocarditis, apical 

31 Bergey: Manual of Determinative Bacteriology. Williams & Wilkins Company. Bal- 
timore. 5th ed., 1939. 

Sir. salivarius ferments inulin but is distinguished from the pneumococci in that it 
is not bile-soluble. 
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abscesses of teetJh and in general in the secretions of the mouth 
and upper respiratory tract. 

(2) Starch +, survives 60° C. for thirty minutes, bile-tolerant: 

Streptococcus hovis. Present in bovine mouth and intestinal tract, 
sometimes found in the human intestine. 

(b) Grows at 50° C., no action on blood agar: 

Streptococcus thermophilus. Found in milk and milk products, used as a 
starter in Swiss cheese. 

2. Lactose — : 

Streptococcus equinus. Probably not pathogenic, found in intestines of horses. 

C. Lactic group: 

1. Maltose dextrin +: 

Streptococcus lactis. Not /3-hemolytic, a-hemolysis variable. Found in milk and 
milk products. Not pathogenic. 

2. Maltose — , dextrin — : 

Streptococcus cremoris. No action on blood. Found in milk and milk products, 
used as a starter in butter and cheese manufacture. 

D. Enterococcus group: 

1. Do not liquefy geJatin: 

(а) Mannitol 4", sorbitol +, not /d-hemolytic: 

Streptococcus fecalis. Found in the human intestine and may be present 
in blood in endocarditis. Although not jS-hemolytic, belongs to Lance- 
field’s Group D. 

(б) Mannitol — , sorbitol — , /d-hemolytic: 

Streptococcus durans. Foxmd occasionally in milk products, belongs to 
Lancefield’s Group D. 

2. liquefies gelatin: 

(a) Variable a-hemolysis: 

Streptococcus liquefaciens. Found in the human intestine and occasion- 
ally in subacute endocarditis. 

(b) /d-hemolysis : 

Streptococcus zymogenes (regarded as a variety of liquefaciens rather 
than a separate species). Belongs to Lancefield’s Group D. 

There are, in addition to these, eight species of anaerobic streptococci which 
cannot be considered at length here. The relation of the streptococcus 
species to the Laiicefield groups may be illustrated briefly: 

Group A — Streptococcus pyogenes 

Group B — Streptococcus agalactiae 

Group C — Streptococcus equi, “animal pyogenes’’ and “human C” 

Group D — the enterococcus species. 

Pathogenicity for Man. — Few, if any, pathogenic microorganisms can 
lay claim to wider or more multifarious activities than the streptococci. 
The list of human diseases and affections with which streptococci are asso- 
ciated as the main and primary cause is already a long one, and is perhaps 
not yet complete. In addition to their conspicuous r61e as initiators of 
diverse pathologic conditions, streptococci are present in “mixed infections” 
and “secondary infections” more often than any other bacteria, i.e., they 
have a tendency to follow in the wake of and act as accomplices to other 
pathogenic microorganisms. It has been found from an examination of the 
heart’s blood of cadavers that in about one-third of all fatal diseases 
streptococci invade the blood before death, and in these cases they perhaps 
aid more or less in facilitating a fatal termination. 

Of the /3-hemolytic streptococci which invade the human body by far 
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the most common is Str. pyogenes^ a designation which includes all mem- 
bers of Group A. Str. pyogenes is occasionally found in lower animals, but 
not infrequently its presence can be ascribed to human contamination. Sir. 
agalactiae is essentially a pathogen of lower animals, as are also the strep- 
tococci of Group G. Man is, however, occasionally infected by strep toc'.occi 
of Group C, and these strains, designated as “Human C,” are distinguished 
from Str. equi and “animal pyogenes” by trehalose and sorbitol fermenta- 
tions. Members of other groups, although not important pathogens for 
man, are occasionally found. The green streptococci, although of lesser 
virulence, are not infrequently found in pathologic processes in man, par- 
ticularly focal infections. According to Hucker®^ practically all of the strains 
in a collection of nearly 200 cultures of ''Streplococcns virldans"' obtaiiunl 
from clinical sources were found to be either Str. salivariiis or Str. fexalis. 

Suppurative inflammatory conditions in different organs of lln^ body are, 
in many instances, caused by streptococci. Osseous tissues and tissues sur- 
rounding the bones are attacked less frequently by streptococci than by 
staphylococci, but the joints and serous membranes are often invaded. 
Str. pyogenes infection of the muscle, simulating gaseous gangrene, has 
been reported^^ and these organisms are frequently fouTid in all types of 
wound infections. Infection with streptococci may, then, be g(nieraliz(Hl 
or localized in any part of the body and take a wide variety of <ilini(‘al 
forms. 

. Focal infection is often due to streptococci, particularly of the viridans 
type. This name is given to a systemic or local disease due to bacteria 
carried in the blood or lymph stream from a focus of infection. The usual 
primary foci of infection are about the head, as in the nasal passages, the 
tonsils, the middle ear and the teeth. In the series studied by Macdonald, 
Simmons and Keogh^® Group A hemolytic streptococci were isolated from 
63 per cent of tonsils examined, and Groups B, C and G from 16 per cent. 
Carried from these primary foci, the streptococci may find lodgment in a 
distant organ. Appendicitis, iritis, and a variety of other diseases are t>rob- 
ahly sometimes caused by strains of streptococci carried in the blood 
stream from foci of infection in the tonsils, teeth or sinuses. The eradication 
of the primary foci of infection, such as removal of teeth or tonsils, has 
often been followed by rapid disappearance of long standing joint infections 
and other pathologic conditions. 

Chronic arthritis or rheumatism is the most common chronic disease in 
temperate climates and far exceeds any other cause of chronic disability 
and suffering. Two clinical types are commonly recognized, the chronic 
atrophic and the chronic hypertrophic; infection is thought to play a 
larger part in the former than in the latter. The connection between an 
attack of tonsillitis and a coincident or subsequent attack of rheumatism 
has long been known, and the recognition of chronic focal infection as a 
cause of arthritic disease may be considered one of the great advances in 
medicine in this country. Elimination of the focus of infection, whether in 

Hucker: unpubKshed experiments quoted by Sherman: Bact. Rev., 1937, i:X. 

MacLeunan: Lancet, 1943, i:582. 

Macdonald, Simmons and Keogh: Med. Jour. Australia, 1940, ^:849. 



Pathogenicity for Man 327 

the tonsils, a dental root-filling or elsewhere, is not infrequently followed 
by improvement, sometimes spectacular, in the joint conditions. 

The bacteriology of chronic arthritis is confusing. Cultures of strepto- 
cocci from a wide variety of sources and with diverse cultural characters 
are able to produce arthritis on inoculation into the joints of rabbits and 
other animals. Streptococci isolated from the normal throat seem to produce 
arthritis in animals as readily as those from the throats of arthritic patients. 
Strains of various kinds have been isolated from the tissues and from blood, 
and bacteria of other groups have sometimes been found. Hemolytic strep- 
tococci have been reported with considerable frequency, but green strep- 
tococci are also found, and in some instances those of the gamma type. 
Treatment with vaccines, usually of the hemolytic streptococcus type, has 
been widely practiced, but its efficacy is not established. 

The analogy between arthritis and the allergic reaction produced by the 
sensitization of rabbits to streptococci has proved of great interest. In 
many instances infection does not result from a single joint injection but, 
if the animal is first sensitized by an injection of killed bacteria, an intra- 
venous injection of the same type of streptococcus will produce euthritis. 
Such observations suggest that the relapses in rheumatic fever may, in some 
instances, be due to a reinvasion of the blood stream by the bacteria, pro- 
voking an allergic reaction in a primarily sensitized locus. The arthritic 
phenomenon may then conceivably be due in some cases to the sensitiza- 
tion of particular tissues by a streptococcus of relatively low virulence and 
a subsequent blood invasion by the same specific microorgaiiism, and in 
others to direct primary infection with a streptococcus of high virulence 
which results in the acute condition, rheumatic fever. Whether streptococci 
are the sole cause of these affections is not certain, but it seems probable 
that they play an important r61e,^® 

Ulcerative endocarditis, an affection of the valves of the heart, which 
occasionally occurs simultaneously with inflammatory conditions in other 
parts of the body, is produced most frequently by streptococci, although 
it may also be caused by staphylococci, and less commonly by other micro- 
o>rganisms. Experimentally, the injection of broth cultures of streptococci 
(or staphylococci) into the circulation rarely produces ulcerative endo- 
carditis unless the cardiac tissues have been damaged by mechanical or 
chemical agencies. 

Streptococcus Sore Throat (Septic Sore Throat), — In the first decade of the 
twentieth century epidemics of sore throat of a severe and unusual type 
appeared in a number of localities in England and in the United States. 
The symptoms and complications have been strikingly similar in these 
and all other epidemics studied. Intense local hyperemia, with or without 
a grayish exudate, and enlargement of the cervical lymph nodes are among 
the more characteristic manifestations. The joints are affected in many 
cases and the heart and kidneys seriously damaged. Pneumonia ending in 
fatal septicemia is often observed, and peritonitis is not infrequently a 
cause of death. 

The causative agent is a virulent /3-hemolytic streptococcus, probably 
For example, see the review by Glover; Ann. Rheumatic Dis., 1942, 3 : 4 !. 
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Sir. pyogenes, although the earlier workers believed that a specafu' t ype of 
streptococcus was involved, which was designated Sir. epidemlcns. Septic 
sore throat is frequently transmitted from man to man by contact, but the 
epidemics have been milk-borne. In some instances the milk (am be con- 
taminated directly by a human carrier of the strepl.o(^oc(‘i, and in otluas 
the cow may be infected by man. It is probable that. Sir. agalarfiae is not 
involved. 

Bronchopneumonia and Secondary Infections.— Among; the American 
troops in the first World War hemolytic streptococrvi were frequcn l ly found 
as the primary or secondary invaders in cases of bronchopneumonia. Idle nu- 
merous fatal cases of pneumonia following measles in t-hc army (amips s(‘em 
to have been almost always due to infection with hernolytii^ sl,r(‘pt()C()c.ci. 
Many of these cases were accompanied by empyema in which hemolytic 
streptococci were likewise found. In certain localities the hemolytic', strcvp- 
tococci, at first secondary invaders in the wake of the measles virus, seemed 
to acquire a higher degree of virulence and become able to initial e primary 
respiratory infection.^^ 

The mucous membranes constitute a favorite abiding places for strepto- 
cocci; the tonsils almost always harbor them. Corisecpiently any lowering 
of the normal resistance of these tissues from either locud or gemu’al (uiuses 
gives the signal for a speedy invasion. In throat affections of all sorts strep- 
tococci are usually present, and in some cases, notably in diphtlu'ria and in 
the anginas of scarlatina and measles, the part played by tliese baciteria is 
highly important. Typical diphtheria is so generally ac.c^om paint'd by a 
multiplication ol throat streptococci that at one time these microorganisms 
were regarded as the cause of diphtheria. No one now believes that strep- 
tococci cause diphtheria, but there is little doubt that, as accessories to the 
diphtheria bacillus, they do considerable harm, and, in association with 
these bacteria, the virulence of the diphtheria bacillus appears l-o b(^ en- 
hanced (p. 138). As secondary invaders, streptococci may produce c;om- 
plications in the last stages of pulmonary tuberculosis, involve healthy 
tissues adjacent to the tuberculous area and predispose to liemorrhages. 
Streptococci are often present mixed with pneumococci in lobar pneu- 
monia and in some cases act as the primary cause. In smallpox it is believed 
that many of the most serious symptoms and most frequent ccunplications 
are the result of streptococcus infection. 

Enteritis. — Certain cases of enteritis in infants and occasionally in adults 
have been attributed to streptococci, and in a number of instances strep- 
tococci have been implicated in food-poisoning outbreaks (p. 242) by epi- 
demiological evidence. Bargen^^ has found a streptococcus in a series of 
cases of chronic ulcerative colitis which is similar to, if not identical with, 
Str.fecalis, but it is doubtful if there is any etiological relationship. In gen- 
eral, enteric infection with streptococci is rare and probably of no great 
significance. 

For example, see Lawrence ami Sutliff: New York State Jour. Med., 1939, 40:1233*, 
Thomas: Bull. Johns Hopkins, Hosp., 1943, 72:213. 

38 Cf. Rankin, Bargen and Buie: The Colon, Rectum and Anus. W. B. Saunders Com- 
pany. Philadelphia. 1932. 
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Erysipelas, — The pathogenicity of streptococci for man is well exempli- 
fied in erysipelas, a peculiar inflammation of the skin due to these bacteria. 
The cocci are not present in the central portion of the inflamed area, but 
are found on its periphery, and can be isolated most readily by excision of 
portions of the tissue, other methods rarely succeeding. In the skin they 
occur chiefly in the lymph spaces, which are often packed with them. The 
streptococci may be recovered by skin puncture as far as 3 cm. beyond the 
advancing edge of the lesion, where there is no gross evidence of inflamma- 
tion. The inflammation is apparently not due to the erythrogenic toxin of 
Dick. 

Erysipelas-like lesions in rabbits were produced by a number of early 
observers and have been extensively studied by later experimenters. Inocu- 
lation experiments made upon carcinomatous patients have also demon- 
strated that pure cultures of streptococci can provoke the erysipelatous 
process. 

Immunity to erysipelas has been the object of a considerable number of 
studies because of its connection with the general problem of local immu- 
nity (p. 294). It seems established that treatment with immune sera exerts 
a mildly favorable effect upon the immediate attack in the majority of 
cases, but does nothing to ward off recurrences. Complications, such as 
abscesses, are not diminished in number but are possibly reduced in sever- 
ity. It is of some interest that a local passive immunity may be obtained 
by infiltration of the skin with antiserum. 

As in the case of septic sore throat, it has been thought by some that 
the erysipelas streptococci constitute a definite species, Str. erysipelatisy 
but, as will appear, this supposition is not justified. Streptococci other than 
the /0-hemolytic forms are apparently not involved. 

Streptococcic Septicemia . — In a great variety of affections, both those of 
streptococcal etiology and those caused by other microorganisms, strep- 
tococci may gain entrance to the blood stream and cause a septicemic 
condition in which there may be localization of the invading microorgan- 
sms in the joints, subcutaneous tissue, endocardium and elsewhere. The 
case-fatality rate in streptococcus septicemia is high, and recovery is asso- 
ciated with the development of antibodies in the blood. In a study of 246 
patients it was found^® that the case fatality was 72 per cent and about 30 
per cent of the patients showed metastases. It may be noted that a transient 
bacteremia may develop following the excision of infected tissue such as 
tonsils.^® 

Puerperal sepsis, or childbed fever, is generally due to /S-hemolytic strep- 
tococci, although other bacteria are occasionally implicated. The source of 
infection may be exogenous, or endogenous. The once common hospital epi- 
demics of puerperal septicemia were probably due largely to the manipu- 
lative transfer of streptococci from infected cases. Endogenous infection 
may, however, take place, for hemolytic streptococci may be found in the 
vaginal secretions of 1 to 3 per cent of pregnant women, and the anaerobic 
streptococci normally found in the vagina have been implicated in a number 

Keefer, Ingelfinger and Spink: Arch. Int. Med., 1937, 60.*1084. 

^0 Cf, Elliott: Lancet, 1939^, it :5S9. 
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of cases of puerperal sepsis. It is generally believ ed lliat strep tocxxxd present 
in the vagina are of low virulence and cause infection only when conditions 
are particularly favorable for their growth, such as the occurrrence of* severe 
lacerating injuries and the like. The source of infection is, for the most 
part, exogenous. 

Scarlet Fever. — ^Although it had long been observed that /3-hemolytic 
streptococci were almost invariably associated with scarlet fever, most 
workers hesitated to believe that this disease was of streptococcal etiology, 
in part because of the ubiquitous distribution of /3-hemolytic streptococci 
in the human throat and their importance as secondary invaders, and in 
part because of the relatively lasting immunity left by an attac‘k of the 
disease as contrasted with the low and transient immunity conferred by 
many streptococcus infections. In 1923, however, the Dicks"^^ siujiuicded in 
reproducing typical scarlet fever in human volunt eers by the inoculat ion of 
pure cultures of jS-hemolytic streptococci, and in the following year Dochez 
and Sherman^^ evoked significant symptoms in guinea pigs and shoals by 
the inoculation of streptococci into agar injected subcaitaneously. The 
Dicks^^ also showed that the filtrate of cultures that had produced experi- 
mental scarlet fever, when injected intracutaneously in the proper dilution, 
gave a distinct local reaction in the skin of a large proportion (41.6 per c^eut) 
of persons who had no history of scarlet fever, while all of the convaIes(;ent 
scarlet fever patients tested showed negative or only slightly positive re- 
actions. It was further found that the action of the filtrate on the skin was 
inhibited by small quantities of convalescent scarlet fever serum mixed 
with the filtrate before injection. 

The observations of the Dicks on the formation of ery throgenic*, toxin by 
streptococci and the essential specificity of the skin test have been (con- 
firmed and extended by numerous workers in various parts of the world. 
These observations, together with the already well-known association of 
streptococci with scarlet fever, have definitely established the strep toccoccal 
etiology of this disease. 

Scarlet fever is a clinical entity in that a rash, produced by the cry thro- 
genic toxin, is associated with the streptococcal infection of the throat. 
Invasion of other parts of the body is not uncommon and results in the 
well-known sequelae of the disease such as middle ear infection, nephritis, 
etc. Immunity to scarlet fever is, in a sense, a clinical immunity in that it 
is largely an immunity to the Dick toxin rather than to the streptococcus. 
It may be demonstrated by the Dick test, a skin test analogous to the Schick 
test in diphtheria, i.e,, the local erythema is due to the action of the toxin 
and is absent in the presence of antitoxin, either of exogenous origin or 
present in the immune individual. The Dick test may be used, then, to 
ascertain whether or not an individual is immune to scarlet fever or, more 
precisely, whether circulating antitoxin is present. In this connection it is- 
of interest that Schultz and Charlton^^ earlier observed that when a scarlet 

^ Dick and Dick: Jonr. Amer. Med. Assn., 1923, 8i :1166. 

^ Dochez and Sherman: Jour. Amer. Med. Assn., 1924, 82:54^2. 

^ Dick and Dick: Jour. Amer. Med. Assn., 1924, 82:26S. 

^ Schultz and Charlton: Ztschr. f. Kinderheilk., 1918, Orig. i7-328 
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fever patient with a bright-red rash is injected with 1 cc. of convalescent 
serum, after about six hours the rash begins to fade and soon disappears 
completely. The significance of this phenomenon, the Schultz-Charlton 
blanching phenomenon, was not recognized at the time. 

The Erythrogenic Toxin . — The erythrogenic toxin differs from the other 
soluble bacterial toxins in that it is resistant to heat, as noted earlier. Its 
nature is not clear as yet, however. It has been reported to be a protein by 
some workers and a polysaccharide-containing complex by others.^^ More 
recently Barron, Dick and Lyman^® have reported that it is a protein of 
low molecular weight and is resistant to proteolytic digestion and a number 
of oxidizing and reducing agents. Stock^^ has prepared a highly purified 
heat-coagulable protein containing 10^ STD per milligram which he regards 
as identical with the erythrogenic toxin. Koerber and Bunney,^® however, 
have reported the isolation of a protein-free toxin. Four components have 



Fig. 45. — ^The seasonal incidence of scarlet fever. Averages of reported cases by months 
for the years 1930 to 1938 inclusive. Data from Supplements to Public Health Reports. 

been demonstrated by electrophoresis ; the toxicity was associated with the 
slowest and on separation this contained 10® STD per milligram.^® Whatever 
its nature, it is necessarily assayed by skin test and its potency is measured 
in skin test doses (STD), the smallest amount that will produce the char- 
acteristic erythematous response. It is, of course, antigenic, and is floccu- 
lated by antitoxic sera.®° 

It has been held by the Dicks and others, largely on the basis of early 
agglutination studies, that the scarlet fever streptococci constitute a homo- 
geneous group of /5-hemolytic streptococci which should be designated Sir. 

^ Earlier work is reviewed by Eaton: Bact. Rev., 1938, 2:3. 

Barron, Dick and Lyman: Jour. Biol. Chem., 1941, 137:261. 

Stock: Jour. Biol. Chem., 1942, U2:777. 

48 Koerber and Bunney: Jour. Immunol., 1941, 40:459. 

4® Krejci, Stock, Sanigar and Kraemer: Jour. Biol. Chem., 1942, 442:785. 

Hottle and Pappenheimer: Jour- Exp. Med., 1941, 74:545; Proom: Jour. Path. Bact., 
1941, 5.?:39. 
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scarlatinae. While the streptococci isolated Irom scarlet fever are all inem- 
bers of Group A, the ability to produce erythrogenic toxin is not confined 
to particular immunological types within this group; hence these micro- 
organisms are not immunologically homogeneous. Neither are they bio- 
chemically homogeneous; in some of the Dicks’ early expwiments, for 
example, scarlet fever was produced with some strains that fermented 
mannite and with others that did not. It appears, therefore, that the scarlet 
fever streptococci are strains of Str. pyogenes that have in common the 
ability to form erythrogenic toxin. These strains are not necessarily asso- 
ciated with clinical scarlet fever, however, and may be faund in erysipelas 
and other streptococcal infections of man. This is, of course, a ma tter of 
primary importance in any consideration of the epidemiology of scarlet 
fever.^’ 

Scarlet Fever Antitoxin. — The therapeutic use of antisl,reptocoocuis sera 
was investigated by Moser®^ in 1902 with encouraging results, and similar 
observations were reported by Dochez and others. The Dicks prepared 
specific antitoxic sera by immunizing horses with sterile culture filtrates. 
This antitoxic serum, in common with the earlier antibacterial sera, pro- 
duces the Schultz-Charlton phenomenon. The results of the therapeutic 
use of the Dick antitoxin are favorable on the whole, though the mildness 
of the prevalent type of scarlet fever makes it diflioult to secure any large 
body of statistics as cogent as those recorded in diphtheria. In individual 
cases, however, the administration of antitoxin decreases the duration of 
the rash, changes the character and extent of desquamation and reduces 
the number of complications, and there is general agreement as to the 
efficacy of antitoxic serum properly prepared and administered early. Some 
clinicians would restrict the use of scarlet fever antitoxin to cases of severe 
or toxemic type. A unit of antitoxin is defined as that amount which will 
neutralize 50 skin test doses of toxin. 

There is some evidence that certain diseases of streptococcal etiology, 
including some of those that are clinically scarlet fever, are more directly 
due to the substances closely bound to the body of the bacterial cell (endo- 
toxins) than to the diffusible rash-producing exotoxin. Little is yet known 
about these substances, and the serum treatment of the bacteremic type 
of many streptococcus infections is still in an elementary stage. 

Prophylactic Inoculation. — It is not generally known that following 
Tenner’s work on smallpox vaccination (p. 6) attempts were made to 
immunize against scarlet fever by a similar process of inoculation.®^ Preven- 
tive inoculation with killed streptococcus cultures was practiced by Ilussian 
bacteriologists as early as 1906.®® Mild symptoms were produced similar to 
those observed in scarlet fever. A single injection did not suffice to produce 

For a detailed field study of the epidemiology of scarlet fever see Schweritker, Janney 
and Gordon: Amer. Jour. Hyg., 1943, 38:21. 

Moser: Wien. klin. Wchnschr., 1902, f5:1053. 

Dochez: Proc. Soc. Exp. Biol. Med., 1924, 4:184; Blake, Trask and Eynch: Jour. 
Amer. Med. Assn., 1924, ^2:712. 

Dick and Dick: Scarlet Fever. Year Book Publishers. Chicago. 1938. 

Gabritschewsky: Centralbl. f. Bakt., 1906, I: Orig., 7i:ll9; Nikitin: Jour. Amer. 
Med. Assn., 1926, ^7:2143. 
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immunity, two or three inoculations being necessary. It was believed that a 
considerable degree of immunity was obtained by this procedure. Korschun 
and Spirina,^® using a formalinized vaccine, reported good results. 

The discovery of the scarlet fever toxin offered an opportunity for pro- 
tective immunization similar to that successfully utilized in diphtheria, and 
was early taken advantage of by the Dicks.^’' A standard toxin is necessary 
for the safe and effective application of this method. Toxins with a potency 
of at least 40,000 STD per cubic centimeter are preferable, and appropriate 
dilutions are injected at intervals of one week. Five injections are recom- 
mended, starting with 500 STD and gradually rising to about 100,000 STD. 
Immunization of susceptibles (Dick positives) in this manner produces 98 
per cent or more Dick negatives. The injections are sometimes accompanied 
by the development of a scarlatiniform rash and other symptoms of mild 
scarlet fever. In consequen,ce, the use of toxin detoxified by treatment with 
formalin has been advocated by some workers, but the efficacy of such prep- 



Fig. 46. — The prevalence of scarlet fever in the Registration Area since 1900 as indicated 

by the uncorrected death rates. From data compiled by the Bureau of the Census. 

arations has been denied by the Dicks.^® Veldee^® has reported that a puri- 
fied precipitated toxin apparently produces a good immunity with fewer 
untoward reactions. It is to be emphasized, however, that immunity to 
scarlet fever is an immunity to clinical scarlet fever, not to the streptococcal 
infection, and from the epidemiological point of view both Dick-negative 
and Dick-positive individuals must be considered as having scarlatinal 
infections, the only difference being the clinical one dependent upon the 
development of a rash. 

As in the case of diphtheria, immunity to scarlet fever may be acquired 
by inapparent infection (p. 565). The frequency of positive Dick tests is low 
in newborn children (indicating a passive immunity of maternal origin), 

Korschxm and Spirina: Seuchenbeikampfung, 1927, 4;40. 

Dick and Dick: Jour. Amer. Med. Assn., 1924, 52.-544. 

58 Ihid., 1934, i03:lZ62, 

58 C/. Veldee, Peck, Franklin emd DuPay: Pub. Health Repts., 1941, 56:957. 
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then rises to a maximum in the age groups one to five years, and thin eafter* 
falls off gradually until in persons over thirty it is relatively low, possibly 
15 per cent. 

The prevention of scarlet fever by specific irnmimization is an effective 
procedure, and favorable results have been reported from various parts of 
the world. Immunization is, however, not nearly so common as in tlie case 
of diphtheria and smallpox, for, unlike these diseases, other methods of 
prevention are effective. Milk-borne scarlet fever, for example, is prevented 
by adequate sanitary control including pasteurization, and, altliough scarlet 
fever is transmissible from man to man, the decline in the death rate from 
this disease in the last four decades (Fig. 46) is largely at tributable to a 
general hygienic improvement in living conditions. 

Bacteriological Diagnosis of Streptococcal Infec lion .-—The isola- 
tion of streptococci from specimens of pathological material is ordinarily 
not difficult. An enriched medium is required and blood agar is the medium 
of choice for both a-hemolysis and /3-hemolysis are apparent. Ovc.>i*growtli 
by Proteus in cultures of some kinds of specimens may be preven ti^d by 
including 0.02 per cent sodium azide in the medium. Most specimens, sucli 
as throat swabs, pus, etc., may be streaked directly on blood agar but en- 
richment culture, as in veal infusion broth containing 0.1 per cent <lcixtrose 
and 0.1 per cent phosphate buffer, should be made wi(h blood taken for 
culture, incubated for twenty-four hours, and then streaked on blood agar. 
If there is reason to believe that the specimen contains sulfa drug, its ba(‘<- 
teriostatic effect may be neutralized by including 5 mg. per 100 ee, of 
p-aminobenzoic acid in the medium. 

The colonial morphology is typical in the case of jS-hcmoly tic strep toeocivi 
and the characteristic chains of cocci may be found in gram-stained smears. 
Green streptococci from sputum and similar specimens must be differcu ti- 
nted from pneumococci by inulin fermentation and bile solubility. The 
hemolytic streptococci may be typed by agglutination with typci specific 
antisera and by the precipitin test. For the latter the sedimcnl.cxl bacteria 
from a 250 cc. broth culture are suspended in 10 cc. of N /1 0 HCl in saline, 
boiled for ten minutes, cooled in running water, and the insoluble mat-erial 
spun out to leave a clear supernatant to be used as the antigen. Consider- 
able economy of reagents may be effected by setting up the precipitin test 
as a ring test in capillary pipettes; the precipitate at the senim-aul.ig(‘n 
interface may be observed with a hand lens.®® 

Pathogenicity for Lower Animals. — ^The outstanding diseases of strep- 
tococcal etiology in lower animals are strangles in horses {Sir. eqiii) and 
mastitis in cattle {Str. agalactiae). A variety of suppurative processes, focal 
infections and septicemias in domestic and experimental animals may be 
observed. They are less common than simple staphylococcus infections but, 
as in man, comprise perhaps one fourth of all local infections, ks, indicated 
previously, the /3-hemolytic streptococci found in lower animals usually 
belong to Groups B and C, and Str. pyogenes is probably only very rarely 
present under natural conditions. 

Immunity. — Immunity to streptococcus infections is, in general, of low 
Swift, Wilson and Lancefield: Jour. Exp. Med., 1943, 78 : 127 . 
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order and in any case transient, the exception being antitoxic immunity to 
scarlet fever. In consequence, active immunization against streptococcus 
infections is usually unsatisfactory, although a few workers have reported 
a significant increase in resistance. There is some evidence that immunity 
is specific to agglutinin type but there is also a certain amount of cross- 
protection.®^ Streptococcus infection is not infrequently associated with the 
development of antibodies such as antistreptolysin, agglutinin and others, 
but phagocytic activity is weak as contrasted with the staphylococcus in- 
fections, and the observable antibodies do not appear to exert a significant 
protective action. It follows, of course, that serum therapy of streptococcus 
infections is usually ineffective. 

Disease-Specific Streptococcus Types. — The existence of disease- 
specific types of streptococci has been frequently postulated at one time 
or another, and names such as Sir, erysipelatis, Sir. epidemicus, and Sir. 
scarlatinae have crept into the literature as noted above. As may be in- 
ferred, however, there appears at present to be no justification for such a 
subdivision of the streptococci of Group A (Sir, pyogenes). In certain areas 
and within limited periods of time there is some tendency for recurrence of 
streptococcus types. For example, Schwentker and his co-workers®^ observed 
that Types 1 and 6 were generally associated with pharyngitis and tonsil- 
litis and Types 3 and 19 with scarlet fever in a naval training station. 
Similarly, Hilles, Hamburger, Johnson and Wallin®® found that scarlet fever 
was associated with Types 3, 17 and 19 one year, but the previous year 
Type 18 had been involved for the most part. Such associations are attrib- 
utable in part to the prevalence of particular strains and to their relative 
virulence and toxigenicity. It is well known that such diverse pathological 
conditions as scarlet fever, erysipelas, tonsillitis, cervical adenitis and otitis 
media can be caused by identical or closely related streptococci®^ and, con- 
versely, that a single disease, such as scarlet fever, can be caused by many 
immunological types of streptococci.®® Any streptococcal infection may be 
regarded as but a single manifestation of a large group of diseases due to 
the same infecting agent. Whatever importance this may have in the aca- 
demic sense, its practical significance is obvious in connection with the 
transmission of streptococcus infection; a streptococcus sore throat in one 
individual may be, and not infrequently is, scarlet fever in another. Two 
diseases of lower animals, mastitis and strangles, are, however, definitely 
associated with specific types of streptococci. Sir. agalactiae and Sir. equi 
respectively, and these streptococci are, to a considerable degree, disease- 
specific. 

Cf. Evans: Jour. Immunol., 1941, 42:15; ibid., 1943, 4^:399. 

Schwentker et al: Amer. Jour. Pub. Health, 1943, 55:1454. 

HiUes, Hamburger, Johnson and Walhn: Jour. Amer. Med. Assn., 1944, i24:564. 

Cf. Boisvert et al.: Amer. Jour. Dis. Children, 1942, ^4:505, 516. 

Cf. Bynoe: Canadian Jour. Pub. Health., 1943, 54:272. 
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THE PNEUMOCOCCI 

Family: Lactobacteriaceae. Tribe: Streptococcaceae. Genus: Diplococeus, Fariisites. 
Grow on the rich artificial media. Somewhat elongated cells, usually in pairs, som<^timcs 
in short chains, often encapsulated. Gram-positive. Active fermenters, most strains 
forming acid in dextrose, lactose, sucrose and inulin. Facultative anaerobes, some spi'cies 
strict anaerobes. Type species: Diplococcus pneumoniae. 

The bacterium most commonly found in pneumonia in man is a small 
lanceolate micrococcus which has been variously termed Micrococcus pneu- 
moniae, Micrococcus lanceolatus. Streptococcus pneumoniae, or more briefly, 
the pneumococcus oiFrdnkeVs pneumococcus. Diplococcus pneumon iae is now 
the commonly accepted formal name. 

THE INCIDENCE OF ETIOLOGIC AGENTS IN PNbil.IMONIA* 


Causative Organism 

Lobar 

Pneumonia 

Broncho- 

pneumonia 

Uiispeciflcd 

All Ihicu- 
monias 

Pneumococcus 

82.48 

65.79 

77.48 

77.71 

Hemolytic streptococcus 

2.00 

3.33 

3.99 

2.65 

Other streptococci 

1.30 

2.99 

1 .33 

1 .70 

Staphylococcus 

.82 

2.00 

1 .38 

1 .19 

Friedlander’s bacillus 

.15 

.13 

.28 

. 17 

Influenza bacillus 

.06 

.25 

.11 

, 15 

Tubercle bacillus 


.08 


.02 

Fungi 


.02 



Virus 



.07 

.01 

No significant organism re- 





corded 

13.19 

26.41 

15.38 

16.44 

Number of cases 

15,420 

6,092 

4,290 

25,802 


* In six representative states over a two-year period as compihxl by Iluinrinch vl ai. 
Pub. Health Repts., 1943, 55:121. 


Of the generally recognized anatomical types of pneumonia, lobar or 
acute croupous pneumonia, bronchopneumonia or lobular pneumonia, and 
capillary bronchitis or bronchiolitis, lobar pneumonia is nearly alway s due 
to the pneumococcus, though other bacteria are occasionally involved. 
Perhaps the best quantitative data are those assembled by Rumreich and 
his co-workers^ in a two-year study in six states representing high and low 
pneumonia rates. These are summarized in the accompanying table. It 
will be clear that while the pneumococcus is by far the commonest cause 
of pneumonia, other bacteria are somewhat more frequent in broncho- 
pneumonia than in lobar pneumonia. 

1 Rumreich et al.: Pub. Health Repts., 1943, 55:121. 
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Morphology and Staining 

The pneumococcus was discovered independently by Pasteur^ in France, 
who inoculated rabbits with the saliva of a child dead of rabies, and by 
Sternberg® in the United States, but was not known to be associated with 
disease in man before the extensive investigations of FrankeP and Weichsel- 
baum,® who demonstrated conclusively the etiological relation of this 
bacterium to pneumonia in man. 

Morphology and Staining.® — The pneumococcus is typically a small, 
slightly elongated coccus, one end of which is pointed or lance-shaped. The 
cocci commonly occur in pairs (diplococci), but variations both in grouping 
and in size and form of individual cells are frequently observed. Chain 
formation is common, especially in artificial media, although the chains are 
usually shorter than those of Streptococcus pyogenes. Oval and elongated 
bacillary forms sometimes occur. The pneumococcus is non-motile and does 
not form spores. A well-defined capsule envelops the pneumococci in animal 



✓ 
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Fig. 47. — Pneumococcus, pure culture. Note the typical lanceolate shape and diplococcus 
arrangement. Fuchsin; X 1050. 


exudates but, except in certain strains or in certain media, is less readily 
demonstrable in cultures grown outside the body. Capsules may often be 
found in milk cultures and in media containing blood or serum. 

The pneumococcus is readily stained with the aniline dyes and is gen- 
erally gram-positive, although there is a tendency to become gram-negative 
in older cultures and occasional strains are found to be gram-negative. In 
stained preparations the capsule may often be seen as an unstained halo 
surrounding the cells; it may be stained by special methods. 

The colonies of pneumococcus on infusion agar or blood agar are typically 

2 Pasteur: Compt. Rend. Acad, Sci., 1881, 92:159. 

3 Sternberg in National Board of Health Annual Report, 1881, p. 87. 

^ Frankel: Verhandl. d. Cong. f. innere Med., Wiesb., 1884, 5:17; Ztschr. f. klin. Med., 
1886, ^0:401, 426; ibid., 1886, if:437. 

s Weichselbaum: Med. Jahrb., 3rd ser., 1886, t:483. 

® The pneumococcus is completely and exhaustively discussed by White: The Biology 
of Pneumococcus. The Commonwealth Fund. New York. 1938. 



338 


The Pneumococci 


small, moist, translucent and granular, with well-defined edges. These bac- 
teria are a-hemolytic on blood agar, and the colonics appear surrounded 
by a zone of greenish discoloration on this medium aiicl resemble l.he (u>lonies 
of green -producing streptococci. 

Physiology. — Some pneumococci grow upon the ordinary nutrient (beef 
extract) culture media but many do not, and in any case growth is sparse. 
Nutritional requirements are complex; Rane and Subbai-ow'^ have been 
able to grow Types I, II, V and VIII but not Type VII in a medium con- 
sisting of acid hydrolysate of gelatin supplemented with glutamic acid, 
cystine, glucose, pantothenic acid, nicotinic acid, choline and thioglycollic 
acid. Growth on infusion media, particularly those enriched by the addi- 
tion of whole blood, takes place at 37"" G. Litmus milk is promptly acadified 
and often, hut not invariably, coagulated. The temperature range over 
which these bacteria may be grown is relatively narrow (25° to 42° G.), and 
they are sensitive to variations in pH from the optimum of 7.8, the limiting 



Fig. 48. — Colonies of the pneumococcus on blood agar. The areas of green hemolysis 
have been accentuated in the photograph. X 3. 


acidity and alkalinity being 7.0 and 8.3 respectively. The pneumococcus is 
a facultative anaerobe, although certain other species of Diplococcus are 
obligate anaerobes. 

In general, sugars are actively fermented with the production of large 
amounts of lactic acid and small amounts of volatile acid and ethyl alcohol. 
Differential fermentations are of no particular value in the classification of 
these microorganisms except in the case of inulin, which serves to differ- 
entiate the pneumococci and the green streptococci. 

The pneumococci appear to be structurally delicate organisms and auto- 
lyze much more readily than most other kinds of bacteria. Evidences of 
protein hydrolysis accompany autolysis, and it appears that lysis is a con- 
sequence of the activity of intracellular ferments. Perhaps associated with 
the autolytic process is the lysis of pneumococci by bile and bile salts. The 

Rane and Subbarow: Jour. Bact., 1940, 40.-695. 
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so-called "‘bile solubility” of pneumococci is practically a constant charac- 
teristic, although different strains vary in their sensitivity to bile as they 
do in the tendency to autolysis. Rabbit or ox bile may be used and added 
to a young broth culture in the proportion of 10 to 20 per cent. Solutions 
of pure bile salt (sodium taurocholate) are preferable to ox bile because 
they may be sterilized and the concentration (10 per cent) controlled. Heat- 
killed pneumococci are not bile-soluble. Sodium lauryl sulfate and similar 
detergents will also lyse pneumococci.® 

Pneumococci may, therefore, be distinguished from streptococci by their 
bile-solubility and, less definitely, their ability to ferment inulin, in addi- 
tion to their greater pathogenicity for mice and the characteristics of the 
colonies on agar. 

Peroxide is found in considerable quantities in pneumococcus cultures 
after prolonged incubation because of the lack of catalase in these micro- 
organisms. This, coupled with their sensitivity to peroxide, results in the 
autosterilization of cultures kept in the incubator for many days. Cultures 
in blood broth, however, remain viable for several weeks in the refrigerator 
and the bacteria may be preserved for months in the cold in vacuum- 
desiccated spleens of infected mice. 

The pneumococci are more sensitive to the bactericidal activity of the 
usual antiseptics than are many other bacteria. Soaps, such as ricinoleate 
and oleate, are pneumococcicidal in relatively high dilutions, 0.04 and 0.004 
per cent respectively, and other substances such as phenol and mercuric 
chloride are also highly effective in the destruction of these bacteria. 
Quinine and some of its derivatives, such as optochin, are also pneumococ- 
cicidal, a fact which has been of interest in connection with the chemo- 
therapy of pneumococcus pneumonia. 

Toxins. — ^The severe intoxication observed in pneumococcus infection 
in man is suggestive of the formation of some toxin by this bacterium. The 
existence of such a toxin has never been demonstrated, however, and the 
pneumococcus does not produce a toxin analogous to those of the diph- 
theria and tetanus bacilli. 

Other toxic substances are produced by this microorganism. That there 
is a-hemolysis on blood plates has already been noted, and there is in addi- 
tion a filterable hemolysin active on sheep, guinea pig and human erythro- 
cytes. The pneumococcus also produces a leucocidin and a necrotizing 
substance similar to that formed by some of the staphylococci. A purpura- 
producing substance which is non-antigenic and appears to be a cleavage 
product of pneumococcal protein has been described by a number of work- 
ers. Injected into white mice, extracts of pneumococci produce a purpuric 
condition manifested as a dark blue discoloration of the skin of the feet, 
tail, ears, nose and genitals.® 

Although preparations containing these activities have been reported to 
increase the virulence of relatively avirulent pneumococcus strains when 
injected simultaneously with the bacteria, the virulence of pneumococci is 

®Bayliss: Jour. Lab. Clin. Med., 1943, 25:748; Harris and McClure: ibid., 1942, 
27:1591. 

^ C/. Julianelle and Reimann: Jour. Exp. Med., 1926, 4J:87; ibid,, 1927, 45:609. 
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directly dependent, not on the formation of such toxic substances, but on 
the production of specific soluble substance and encapsulation. 

Classification. — The pneumococci are closely related lo the st.replo- 
cocci, but the degree of intimacy of the relationship is as yiU. open to <iu(‘s~ 
tion. Some workers regard these microorganisms as but a spc^c'.ies of strep- 
tococcus and designate them as Streptococcus pneumoniae, i n general, how- 
ever, it is customary to consider the pneumococci as a dislinct giuius, a 
practice which is justified by considerations of the sum of I he (^hara(U,(u‘istics 
of the pneumococci and the clinical and epidemiological aspe<‘ ts of the pruui- 
monias. According to Bergey’s^® classification, the tribe Streploroceaceae is 
made up of three genera: (1) Diplococcus, of which the typ(' spc'cfies is Dlplo- 
coccus pneumoniae or the pneumococcus; (2) Slrepiococciis, with Streplo- 
coccus pyogenes as the type species; and (3) Leuconosloc, a group of gas- 
forming, chain-producing cocci found in milk, fcrmenling v('g<‘tables and 
slimy sugar solutions. 



Fig. 49. — Pneumococcus in the peritoneal fluid of a mouse. Not(' th(^ (^apsuh^s. FiadiHin; 

X 2200. 


Pneumococcus Types. — A point that has been of somewhat more int(u*cst 
than the formal taxonomic position of the pneumococci is the subdivision 
of these bacteria into types. The pneumococci contain two types of anti- 
gens. One, the so-called somatic antigen, is a constituent of the cell sub- 
stance proper and is immunologically identical in all pneumococci. The 
other, the polysaccharide haptene or specific soluble substance (SSS), is 
type-specific and serves to differentiate the immunological types of pneu- 
mococci from one another. The polysaccharide of Type III has been the 
most thoroughly studied chemically (p. 249) and Types I and 11 to a lesser 
extent. These substances have been isolated from most of the other types 
also.^^ The presence of SSS masks the somatic antigen, and antisera to 
encapsulated pneumococci are sharply type-specific. These immunological 

Bergey : Manual of Determinative Bacteriology. Williams & Wilkins Company 
Baltimore. 5tb ed., 1939. 

“Brown: Jour. Immunol., 19,^9, 37.-44.5; Brown and Robinson: ibid., 1943, 47.-7. 
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types are designated by Roman numerals, and the numbering of the types, 
although purely arbitrary, is a universally accepted convention. 

Observations by Dochez and Gillespie^ ^ showed that the pneumococci 
found in cases of lobar pneumonia can be divided into four distinct groups, 
designated as Types I, II and III and Group IV, on the basis of specific 
agglutination and protection tests. Of these. Types I, II and III, found in 
the majority of cases of pneumonia (Fig. 50) and producing the most severe 
types of infection, have specific immunological character, while Group lY 
is immunologically heterogeneous and is made up of all pneumococci not 
belonging to the first three types. Through the work of Cooper and her 
associates of the New York City Department of Health’^ 29 additional 
serologic types were sorted out of Group IV to make 32 types in all. Of 
these XXVI is closely related to VI and is sometimes designated Via, and 
XV and XXX are identical or practically so. Six new types and 14 sub- 
types, related to but not identical with the Cooper types, were described 
by Kauffmann, M^rch and Schmith^^ who pointed out that the subtypes, 
while related, were stable and independent. This differentiation was made 
on the basis of reciprocal absorptions. Seventeen additional types were 
described by Walter, Guevin, Beattie, Colter and Bucca^^ of which 12 cor- 
responded to 5 of the types and 7 of the subtypes of Kauffmann et al. 
M^rch^® then later described additional new types, some of which were sub- 
types. The practice of designating subtypes, viz., Vila, Vllb, VIIc, and so 
on, has begun to be generally adopted. Under the auspices of the American 
Public Health Association and the United States Public Health Service, 
however, Eddy^^ has given individual type numbers to all pneumococcus 
types and subtypes so far described without regard to the relationships, 
sometimes very close, between many of the types, making a total of 75 
types. Thus the purely arbitrary system of numbering the types without 
regard to their biological relationships is reverted to and extended. 

Although these immunological types are readily distinguished from one 
another, cross-reactions occur in a number of instances. There appear to be 
some relations between Types II and V, III and VIII, VII and XVIII, 
and XV and XXX which are quite likely due to structural similarities of 
the polysaccharide haptenes (p. 252). The resemblances are not sufficiently 
close, however, to invalidate the differentiation of these types. An inter- 
esting observation has been that of Forster and Shaughnessy^® of the occur- 
rence of mixed types, i.e., strains of pneumococci which react with two or 
more unrelated type-specific antisera. Similar observations have been re- 
ported by Chinn and Eddy.^® Such mixed types appear to occur with some 
frequency as indicated in Fig. 50. 

Dochez and Gillespie: Jour. Amer. Med. Assn., 1913, 6i :727. 

1^ Cooper, Edwards and Rosenstein: Jour. Exp. Med., 1929, 49.461; Cooper, Rosen- 
stein, Walter and Peizer: Jour. Exp. Med., 1932, 55:531. 

1^ Kauffmann, M^rcli and Schmith: Jour. Immunol., 1940, J9.*397. 

15 Walter, Guevin, Beattie, Colter and Bucca: Jour. Immunol., 1941, 41:279. 

16 Mjiiirch: Jour. Immunol., 1942, 4J:177. 

17 Eddy: Pub. Health Repts., 1944, 59.449, 451, 485. 

1® Forster and Shaughnessy: Proc. Soc. Exp. Biol. Med., 1940, 44:306. 

1® Chinn and Eddy: Pub. Health Repts., 1941, 56:62. 
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Diplococcus Mucosus, — These immunological types are culturally indis- 
tinguishable with the exception of Type III, which stands somewhat apart 
from the other pneumococci in that it produces a heavy mucoid growth 
due to its luxuriant capsule formation. It is not infrequently classilied as a 
separate species, Diplococcus mucosus. Many cultures show a marked 
tendency to form chains, and the dividing line between Diplococcus niiicosiis 
and ''Streptococcus mucosus’' is not a sharp one, if indeed any distinction 
should be made. These coccoid, heavily capsula ted bacteria for the most par t 
ferment inulin and are soluble in bile, so that the tendency is to group them 
with the pneumococci rather than the streptococci. A few mucoid strains 
have been reported which are bile insoluble and non-innlin-fermcnting. 

Pneumococcus Typing.^^ — The determination of pneumococcus types is 
a matter of great practical importance to the therapeutic use of antiserum. 
The various methods that have been developed are basically immunological 
but differ in technical detail. The immunological procedures arc of three 
kinds: (1) the agglutination of the pneumococci with type-specific anti- 
serum; (2) the precipitation of SSS with type-specific antiserum; and (3) 
the Quellung reaction. The first two have been discussed in previous sections 
and need not be considered further here. The Quellung phenomenon was 
described by Neufeld in 1902^’ and redescribed in 1931,^^ and since the 
latter date has come into general use. A suspension of pneumococci is mixed 
with undiluted antiserum (rabbit serum is preferable to horse scrum) on a 
slide or cover glass, a small amount of Lofller’s alkaline methylene bluti is 
added to facilitate observation, and the preparation is examined under the 
microscope. In the presence of homologous immune serum there is a marked 
apparent swelling of the capsule without any obvious change in the size 
of the bacterial cell itself; no such swelling is observed with heterologous 
sera. The reaction takes place rapidly and the swelling is usually apparent 
within a few minutes. The nature of the process of swelling is not known; 
it is of some interest that it may be reversed by the addition of homologous 
SSS.2^ The use of serum pools considerably facilitates typing, especially the 
identification of the higher types. The incidence of the various types deter- 
mines the most advantageous combinations of antisera. A group of combi- 
nations often recommended for use in this country is: (a) 1, 2, 7; (6) 3, 4, 5, 
6, 8; (r) 9, 12, 14, 15, 17; (d) 10, 11, 13, 20, 22, 24; (e) 16, 18, 19, 21, 28; 
(/) 23, 25, 27, 29, 31, 32. Monospecific antisera are, of course, required also. 
The pneumococcus to be typed is tested with each pool and then with the 
component antisera of the pool with which it reacts. Thus a pneumococcus 
may be identified in twelve or less tests. 

The sputum may be used directly in the Quellung reaction if there are 
sufficient pneumococci present, or it may be heated and centrifuged and 
the supernatant used as antigen in a precipitin-ring test (Krumwiede’s 
method). In the latter instance the reaction is dependent upon the pres- 
to Methods of typing are discussed in detail on pp. 620-640 of Helfron: Pneumonia. 
The Commonwealth Fund. New York. 1939. 

Neufeld: Ztschr. f. Hyg. u. Infektionskr., 1902, 49:54. 

Neufeld and Etinger-Tulczynska : Ztschr. f. Hyg. u. Infektionskr., 1931, f 12:492. 

23 Kempf and Nungester: Jour. Inf. Dis., 1942, 71:50. 
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ence of SSS in the sputum, and a negative reaction has no significance 
because of the possible lack of sufficient SSS. 

The intraperitoneal inoculation of white mice with sputum results in a 
rapid growth of pneumococci, and peritoneal exudate aspirated after three 
to six hours contains large numbers of bacteria as well as considerable 
amounts of SSS. The bacteria may be typed by the Quellung reaction, by 
microscopic slide agglutination (Sabin’s method), or by macroscopic agglu- 
tination or precipitin tests. When mice are not available the sputum may 
be cultured in glucose blood broth (Avery’s method) and the broth and 
contained pneumococci used as antigen in the immunological tests. 

Whatever method or combination of methods is used, the time element 
is an important factor, for typing is a necessary preliminary to the intelligent 
administration of antiserum. 

Variation, — The smooth and rough variants that have been found in a 
variety of bacteria may also be observed in the pneumococcus. As in other 
cases, there are various intermediate colonial types between the two ex- 
tremes, and the pneumococcus is virulent in the smooth form and almost 
completely avirulent in the rough form. The change from smooth to rough 
is reflected in the microscopic morphology of the cells as a loss of capsule 
and the ability to form SSS. It was first observed by Stryker^^ that pneu- 
mococci cultivated in homologous immune serum did not form capsules; 
the ability of specific antibody to inhibit the elaboration of capsular sub- 
stance and thereby render them susceptible to phagocytosis is no doubt an 
important consequence of the immune response. Since type-specificity is 
determined by the SSS, it follows that the change from smooth to rough is 
accompanied by a complete loss of type-specificity ; the somatic antigen is 
predominant and, irrespective of original type, the pneumococci become 
immunologically identical. The dissociative change may be reversed, al- 
though with difficulty, by animal passage or by cultivating the R form in 
the presence of anti-R immune serum, or in the presence of heat killed cells 
from a smooth culture. 

Transformation of Types . — Of fundamental biological significance, how- 
ever, was the discovery of Griffith^® that the inoculation of mice with li-ving 
R culture mixed with a heat-killed suspension of smooth pneumococci of a 
type other than that from which the R culture was derived resulted in the 
conversion of the R variant to the S variety of the new type. These trans- 
formations of pneumococcus type have also been brought about in vitro by 
Dawson and Sia,^® by cultivation of R variants in blood broth in the pres- 
ence of anti-R immune serum and heat-killed smooth pneumococci of 
heterologous type. More recent work on these transformations and tfieir 
significance to bacterial variation is discussed earlier (p. 156). The S-R 
variation occurs in nature (its practical importance to human pneumo- 
coccus infections is not clear) and R variants may be isolated from pneu- 
mococcus infections in man,^^ but whether the transformation of types 
likewise occmrs in nature is not known. 

Stryker: Jour. Exp. Med., 1916, 24:49. 

28 Griffith: Jour. Hyg., 1928, 27:113. 

28 Dawson and Sia: Jour. Exp. Med., 1931, 54:681. 

27 SMbley and Rogers: Proc. Soc. E3^. Biol. Med., 1932, 30:6. 
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Pathogenicity for Man. — As indicated above, lobar pneumonia is the 
most important pneumococcal infection in man. The bacteria are not con- 
fined to the lung, however, for they may migrate from this seat of infection 
through the nasal passages or be distributed via the vascular system to 
various parts of the body, to give rise to localized foci of infection. Pneu- 
mococcemia is of frequent occurrence; available data indicate that 50 per 
cent is a fair estimate. A number of workers emphasize the prognostic value 
of blood culture, and in most instances the case fatality is considerably 
higher when pneumococci are present in the blood stream. Avery, Chick- 
ering. Cole and Dochez^® observed a case fatality of 55.8 per cent in those 
with positive blood cultures and 8.3 per cent of patients with negative 
culture. Similar results have been reported by others.^® 

Among the pathologic processes that occur as complications and sequelae 
of pneumococcus pneumonia, or, it may be noted, as independent and 
primary affections, are inflammations of the pleura, pericardium and 
meninges. Meningitis and otitis media are frequently secondary to pneu- 
monia, and the connection between inflammation of the middle ear and 
meningeal infection has often been noted. To those inflammatory condit ions 
of pneumococcal origin might be added a long list of others provoked by 
the same organism. There appear to be few, if any, organs or tissues that are 
not under some circumstances subject to attack. Sinusitis, parotitis, con- 
junctivitis, enteritis and a great variety of other afrections are occasionally 
due to the activity of pneumococci. In general, pneumococcus infections of 
this type tend to a more favorable outcome than similar infectiotis with 
streptococci or staphylococci. 

Resistance to pneumococcal infection is, in large part, a matter of indi- 
vidual predisposition, and the mere presence of pneumococci in the upx)Ci' 
respiratory tract is not alone sufficient to bring about pulmonary infection. 
Specific immunity plays a negligible part in resistance, but the complex of 
factors associated with a state of physiological well-being is of the greatest 
significance. A preliminary depression of resistance by other infections, 
severe or sudden exposure to cold, fatigue and other predisposing factors, 
is an almost invariable preliminary to pneumococcus infection. The part 
played by pneumococcus pneumonia in the fatal termination of many 
diseases, for example, is well known. 

The Pathogenicity of Pneumococcus Types . — The case fatality of pneumo- 
coccus pneumonia is relatively high and indicative of the pathogenicity of 
these bacteria once they have become established in the lungs. The pneu- 
mococcus types differ from one another in this respect ; the case fatality in 
Type I infections is 25 to 30 per cent, that of Type II about 40 per cent, 
that of Type III 40 to 60 per cent, and that of Group IV infections perhaps 
15 to 20 per cent. Because of the relatively recent differentiation of the 
types comprising Group IV, data on case-fatality rates for these types are 
very meager as yet. The frequency of occurrence of the pneumococcal types 
in lobar pneumonia and bronchopneumonia is given in Fig. 50. Here the 

28 Avery, Chickering, Cole and Dochez: Acute Lobar Pneumonia. Monographs of the 
Rockefeller Institute for Medical Research No. 7, 1917. 

2® C/. Christie: Lancet, 1932, ii:1173. 
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ten leading types are: I, II, III, IV, V, VI, VTI, VIII, XIV and XIX. In 
some series Type II is more frequent than Type III and in others, including 
this one, the reverse is true. 

Pneumococcus Carriers , — As a strict parasite, the pneumococcus is found 
in man rather than in his environment. Healthy carriers of these bacteria 
are common; 40 to 60 per cent of groups of persons examined have been 
found to harbor pneumococci in the upper respiratory tract. This propor- 
tion is variable, however, being relatively high during the cold months of 
the year and higher among groups of contacts than among non-contacts. 
The carrier state is not permanent but rather sporadic and intermittent; 
many persons may carry these bacteria for a short time, particularly while 



PNEUMOCOCCUS TYPES 


Fig. 50. — ^The incidence of pneumococcus types in lobar and bronchopneumonia 
observed in a two-year survey in California, Colorado, Illinois, Louisiana, New Jersey 
and Missouri in which pneumococci from 12,447 cases of lobar pneumonia and 3,847 
of bronchopneumonia were typed. The relative predominance of Type III over Type 
II is sometimes observed. Note the more common occurrence of higher types in broncho- 
pneumonia, the relative incidence of mixed types, i.e., those reacting to more than one 
antiserum, and the incidence of types other than the first thirty-three. Data from 
Rumreich at al.: Pub. Health Repts., 1943, 58:121. 


having colds and other infections of the upper respiratory tract, while others 
may carry them for longer periods. There is also a seasonal fluctuation in 
that increased numbers are found in the winter months. 

The great majority of pneumococci found in carriers are the relatively 
less virulent types of Group IV. Types I, II and III are much less frequently 
found, but an appreciable portion of the population may harbor these 
types at any one time (see table). In the study made by Smillie, Calderone 
and Onslow®® almost every type of pneumococcus was encountered; many 
individuals carried two or more types simultaneously. The types most 
commonly found were III, VII, XXI, XXV and XI in that order of fre- 


30 Smillie, Calderone and Onslow: Amer. Jour. Hyg., 1943, J7.T56. 
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quency. It is not clear whether an appreciably eOectivc inumiiuty is 
developed by carriers.®^ 

The Epidemiology of Pneumococcus Pneumonia.^- — Pncumococ-c.i are dis- 
seminated chiefly through the secretions and discharges of the mouth and 
upper respiratory tract by direct contact between persons. Droplet infec- 
tion (p. 201) undoubtedly plays a large part in the transmission of these 
microorganisms and perhaps accounts for the seasonal incidein^e of the 
disease (Fig. 51) and the increased frequency of carriers during the cold 
months of the year. 

While it is obvious that pneumococcus infection is alw^iys^ exogenous in 
the last analysis, for practical purposes it is probably endogenous in a large 
proportion of cases. With a high carrier rate pneumococci are frequently 
present in the normal individual, and when resistanc'.e is ;re(lu(‘ed to a 
sufficiently low level they are able to set up an infection. Idie high iiuadence 
of pneumococci of Types I and II (Fig. 50) as contrasted with the low 


PNEUMOCOCCUS CARRIERS* 


Persons Examined 

liHudciu'.i'. of (^llarricrs 


Total 

Cases Found 

Totalt 

Per Ccnl, liuudcTUu^ of Types 

Num- 

ber 

Per 

Cent 

1 

n 

1 

III 

[ 

(iroiip 

IV 

Non-contacts ..... 
Contacts 

2332 

1782 

1000 

977 

42.9 

54.8 

1027 

1018 

0.5 

3.3 

0.9 

2.7 

■ 8.4 

10. 0 

34.2 

41 .0 


* Modified from Heffron’s^® data. 

t The incidence of types is greater than the' incidence of earri<^rH b(i<uui8(^ in some in- 
stances more than one type was found. 


carrier incidence of these types, together with the occurrence of seeming 
epidemics of pneumococcus pneumonia on a small scale, has been regarded 
by some as evidence of exogenous infection. It is more probable, however, 
that the greater virulence of some pneumococcus typos operates as a selec- 
tive factor to disturb the random distribution of types in pneumococcus 
pneumonia. It is known, for example, that minor respiratory infections may 
be common or epidemic in small groups such as a family. If a given type of 
pneumococcus of high virulence invades and spreads within the group so 
that a high proportion of the individuals become carriers, the operation of 
factors which reduce resistance in the group may result in one or more 
members coming down with pneumonia due to the type carried. Smillie 
and Jewett33 observed just such a sequence of events in a group of children 
in a nursery. The group was invaded by a virulent Type XIV pneumococcus 
which caused no harm but when the individual developed an acute rcsjiira- 
tory infection, the dormant pneumococcus spread to the middle ear, con- 

C/. Finland, Brown and Barnes: Amer. Jour. Hyg., Sec. B, 1940, 32:24>. 

See the review by Finland: Medicine, 1942, 2f.-307. 
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junctivae and lungs. Such children were sent to the hospital ward and 
carried the pneumococcus which spread to most of the children there. Again, 
the infection was activated, sometimes with very serious consequences, on 
the development of respiratory infection. 

Other epidemiological characteristics of pneumococcus pneumonia in- 
clude seasonal incidence (Fig. 51), which corresponds roughly with the 
carrier rate; the age incidence, characterized by high morbidity and mor- 
tality in infants and the aged; the higher incidence in males than in females ; 
and the apparent greater susceptibility of the Negro as contrasted with the 
white race. 

Bacteriological Diagnosis of Pneumococcus Infections. — The pneu- 
mococcus may be isolated by culture or animal inoculation from specimens 
such as sputum, pleural exudate, blood, spinal fluid, pus, etc. Blood agar is 
the medium of choice, the bacteria growing up in twenty-four hours as 



- Fig. 51. — ^The seasonal incidence of pneumococcus pneumonia as indicated by the 
monthly distribution of 47,947 reported cases and 20,544 reported deaths in Massa- 
chusetts, 1921-30. Data from Heffron.^o 

small colonies surrounded by a zone of green hemolysis. It is not possible 
to distinguish them from a-hemolytic streptococci by colonial or micro- 
scopic morphology but differentiation may be made by the fermentation of 
inulin and bile solubility of the pneumococcus and its immunological re- 
actions. Blood specimens are cultured in buffered dextrose veal infusion 
broth, containing 5 mg. per 100 cc. of p-aminobenzoic acid if the individual 
is undergoing sulfa drug therapy, as in the case of culture of the strepto- 
cocci. A portion of sputum, washed in three changes of sterile saline and 
emulsified in saline, may be inoculated intraperitoneally in a white mouse. 
With virulent strains the animal will show signs of illness in five to eight 
hours and microscopic examination of smears of peritoneal exudate will 
show large numbers of encapsulated diplococci. 

The pneumococcus is identified and typed with antiserum, usually by 
the Quellung reaction through agglutination; precipitin tests may be used 

33 Smillie and Jewett: Amer. Jour. Pub. Health., 1942, 52:987. 
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also. When large numbers of the bacteria are present in sputum, the tyf)ing 
may be done directly without culture or mouse inocuhUion, but siru^c the 
Quellung reaction is inhibited in the presence of large amourUs of SSS, nega- 
tive reactions are not significant. Typing is readily carricid out, as indicated 
earlier, on pneumococci present in mouse peritoneal exudate or (udtures. 

Pathogenicity for Lower Animals. — The susceptibilily of tlu^ usual 
laboratory animals to pneumococcus infection is variable, ranging from { h<‘ 
highly susceptible mouse and rabbit through the less s('nsitive guiiUMi pig 
to the cat, dog, chicken and pigeon, which arc highly n^sisiant. Animal 
experiments with the pneumococcus present an exampl<‘ of tln^ gcau'ral law 
that susceptibility is characterized by general septic‘emic, iidec.tion, r(‘sisl- 
ance by the occurrence of a localized process. The mouse and l,h(^ rabbit 
develop a rapidly fatal septicemia, and in those animals lung h^sions, when 
they occur at all, are slight and usually limited to the broiu^hopmuimonic^ 
type. It is possible to produce typical lobar pneumonia in tlu^ ral)bil, by 
carefully balancing the susceptibili ty of the animal and the virulcn<^<^ of the 
bacterium through the use of attenuated cultures or previous x)artial im- 
munization. Resistant animals, such as the dog, show iui apt)roximation 
toward the type of pneumococcus infection observed in man, and lobar 
pneumonia may be produced in monkeys by intratra(du‘al inoculalion.-^^ 
The lesions produced in monkeys were considered ideiiticud with tiios(^ in 
human lobar pneumonia. It is of some interest that })n(HmHKU)(^<a w<a’(‘ 
found in the blood within six hours after their introduction into th(i trai^lu^a 
and before the signs of pneumonia appeared, suggesting l.lui broiudiogtmic' 
rather than the hematogenous origin of the infection. 

Man, therefore, may be regarded as an animal of ratluu- high normal 
resistance. This resistance may, however, be so reduced as to xnainil. the 
production of localized manifestations, which in still more 8us<ujx)l-ibl(i indi- 
viduals may lead to a fatal septicemia. In some (^ascs death is dm^ l.o over- 
whelming interference with respiration caused by tlui Icx^al x)ulinonary 
lesions; in others, to a general systemic poisoning or toxemia. 

Immunity. — Experimental animals may be actively immunized against 
pneurnococcus infection by the injection of vaccines of the smooth, viruhmt 
bacteria, although the immunity is not of long duration, Le,, not more 
than a few months. The development of the immune state is ac(H)mpani(‘d 
by the appearance of antibodies, precipitins, agglutinins and the like, as 
well as a protective quality in the blood serum. In man the situation is 
somewhat obscure; there is undoubtedly an intimate relation between re- 
covery and the appearance of humoral antibodies, but immunity following 
infection is slight and transitory, and one attack may succeed another after 
a short interval. Active immunity in experimental animals is type-specific, 
however, and it is not improbable that under natural conditions different 
immunological types may participate in successive attacks. 

The results of studies on the active immunization of man have not been 
clear-cut. Although morbidity is high in the aggregate, it is not confined 
to particmar age groups or environmental conditions and, in consequence, 
such studies are difficult. In some instances, however, suggestive results 
Blake and Cecil: Jour. Exp. Med., 1920, 5fr403. 
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have been obtained; mass inoculations carried out iii the United States in 
1918-19, for example, provided such evidence.^® Of these studies the work of 
Gundel and Homann^® has yielded promising results and Felton and his 
co-workers^^ have obtained suggestive results in extensive studies. The 
efficacy of the active immunization of man is, however, by no means 
established as yet. 

The results of the therapeutic use of antiserum are variable, being excel- 
lent with some types of pneumococci and not with others. The treatment of 
Type I infections with specific antiserum is relatively successful in that the 
case fatality is reduced from 25 to 30 per cent to 12 per cent. Type II 
infections do not respond quite so well to serum therapy, the case fatality 
being reduced from about 40 per cent to 25 per cent, and Type III infections 
are little benefited. Of the types comprising Group IV, Types V and VII 
appear, on the basis of present evidence, to respond to serum therapy. 
Specific serum therapy is complicated by the existence of the multiplicity 
of higher types of pneumococci. Antisera have been available for Types IV, 
V, VII and XIV but it seems probable that polyvalent sera, based on the 
frequency of occurrence of the higher types, will become a practical neces- 
sity.^® Combinations to give such polyvalent antisera have been suggested 
by Eddy.®® 

Antiserum is generally prepared in horses, but recent work^® has sug- 
gested that rabbit antisera may be more effective, in part because higher 
protective titers are obtainable than with horse serum and in part because 
the smaller antibody molecules (p. 277) should facilitate absorption. 

The standardization of antipneumococcus sera may be carried out either 
by the titration of antibody content in the test tube, viz., agglutinins and 
precipitins, or by measurement of the protective qualities of the serum for 
experimentally infected mice. 

It may be noted here that a bacterial enzyme decomposing the Type III 
specific polysaccharide isolated by Avery and Dubos^^ protects experimental 
animals against Type III pneumococcus infection.^^ The injection of the 
enzyme preparations, however, produces untoward reactions, notably a 
febrile reaction and leucopenia, and therefore they have not been used in 
man. 

Cecil: Medicine, 1925, 4:395. 

Gundel and Homaiin; Deut. med. Wchnschr., 1938, ^4:917. 

37 c/. Felton et al: Pub. Health Repts., 1941, 5(?:1041 et ante. 

3^ See the comprehensive review of this matter by Finland: Jour, Amer. Med. Assn., 
1942, f20;1294. 

39 Eddy: Pub. Health Repts., 1944, 59:1485. 

49 Horsfall, Goodner and MacLeod: Science, 1936, 54:579; Jour. Amer. Med. Assn., 
1937, f 05:1483; Goodner, Horsfall and Dubos: Jour. Immunol., 1937, 35:279. 

41 Avery and Dubos: Science, 1930, 72:151. 

42 Avery and Dubos: Jour. Elxp. Med., 1931, 54:73; Goodner, Dubos and Avery 
Jour. Exp. Med., 1932, 55:393. 



CHAPTER 17 


THE GRAM-NEGATIVE PATHOGENIC COCCI (NEISSERIA); 
THE GONOCOCCUS AND THE MENINGOCOCCUS 


Family: Neisseriaceae. Genus: Neisseria. Strict parasites, failing? to grow or growing 
very poorly on ordinary artificial media, growth fairly abundant on serum media. Gram- 
negative cocci, usually in pairs. A-erobic. Type species: Neisseria gonorrheae. 


The gonococcus and the meningococcus are the chief representatives of a 
small group of closely related bacteria whose other members are non- 
pathogenic inhabitants of the mouth and upper respiratory tract of man. 
Two groups of species are separated from one another on the basis of 
pigment production, and further differentiation is made by means of 
fermentation reactions : 

FERMENTATION REACTIONS OF THE GRAM-NEGATIVE DIPEOCOCCI 


Non-pigmented Species 

Dextrose 

Maltose 

Sucrose 

Le villose 

M armi t.ol 

N. gonorrheae (gonococcus). 
N. intracellular is (meningo- 

+ 

- 


~ 

- 

coccus) 

+ 


— 


— 

N. catarrhalis I 

— 

_ 

_ 

— 


N. sicca 

H- 

-f- 

-h 

+ 

— 


Pigmented varieties are frequently found in the nasopharynx (Nelsfferia 
flava I, II, III). 

THE GONOCOCCUS! 

Neisser^ in 1879 first called attention to the constant presence of a pe- 
culiar coccus in gonorrheal pus. In cases of gonorrhea of recent origin this 
was the sole organism found; it not only occurred in the urethral and 
vaginal discharges of ordinary gonorrhea, but was present in the exudate 
in conjunctivitis due to gonorrheal infection. Pure cultures of this micro- 
organism were isolated by Bumm^ in 1885, who succeeded in demonstrating 
its etiologic relation to gonorrhea by the inoculation of human volunteers. 
This bacterium, known generally as the gonococcus, has been termed Micro- 
coccus gonorrheae and Diplococcus gonorrheae, but the genus Neisseria is 

! Present knowledge of gonorrhea is reviewed in the report of the Committee for Sur- 
vey of Research on the Gonococcus and Gonococcal Infection. Thomas and Bayne-Jones: 
Amer. Jour. Syph., 1936, SO.'Suppl. to No. 1. 

* Neisser: Centralbl. f. d. med. Wissensch., 1879, 17:497. 

® Bumm: Der Mikroorganismus der gonorrhoischen Schleimhaiiterkrankungen. Wies- 
baden, 1885. 
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now more or less generally accepted and this bacterium is properly known 
as Neisseria gonorrheae. 

Morphology and Staining. — In preparations made from gonorrheal 
pus the cells of the gonococcus occur in pairs, with the flattened sides in 
juxtaposition; the appearance in stained preparations resembles that of a 
coffee bean. In pure culture the cocci appear as oval or spherical and are 
often aggregated in irregular masses without the typical diplococcus 
arrangement. In pus smears the gonococcus occurs almost entirely within 
the leucocytes; frequently enormous numbers may be found packed 
within a single phagocyte. In the earliest stages of infection, however, 
gonococci may be found extracellularly, and the same is true of cases of 
gonorrhea of long standing. The gonococcus is nonmotile and does not 
form spores. 

The colonies of the gonococcus are small, translucent, finely granular 
with lobate margin and grayish white with a pearly opalescence when 



Fig. 52. — ^The gonococcus from pure culture. Fuchsin; X 1050. 


viewed by transmitted light. Larger colonies may be formed on special 
media. Colonial appearance is, however, subject to considerable variation 
(see below). 

Unlike the pyogenic cocci, the gonococcus and related forms are gram- 
negative, a staining characteristic that is of considerable diagnostic value 
since it serves to differentiate the gonococcus from other cocci present in 
the urethral or vulvovaginal tracts. Other grarp-negative cocci may be 
found occasionally, sometimes within the leucocytes, but they are rare. 
The tendency to decolorization in the gram stain is variable. Some strains 
decolorize much more readily than others, and gonococci embedded in 
masses of pus may retain the stain; hence the preparation of thin, uniform 
films is highly desirable. The gonococcus stains with the aniline dyes, but 
polychrome stains, such as Pappenheim’s stain,^ are more useful. Intra- 
cellular granules may be found in stained preparations, but in general the 

^ A methyl green-pyTonine stain. 
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gonococci from young cultures stain evenly, while older cultures (twenty- 
four hours and older) contain large swollen involution forms which may 
stain poorly. 

Physiology. — In its nutritive requirements the gonococcus is one of the 
most fastidious bacteria, particularly upon primary isolation. An enriched 
medium is, of course, required for cultivation. Earlier media were enriched 
by the addition of ascitic and hydrocele fluid. A protcose-3 hemoglobin 
agar has been used to some extent in this country, but the most satisfactory 
medium is chocolate (heated blood) agar prepared with an infusion base. 
Nutritional requirements appear to be highly complex and are not well 
known. Mueller and Hinton® have devised a protein-free hydrolyzed casein- 
starch medium that may be autoclaved and Boor® has been able to grow the 
gonococcus on a medium containing tryptic digest of casein, cystine, dex- 
trose and buffer. The cystine appears to be required by the gonococcus but 
not by the meningococcus. A sufficient supply of moisture is essential, there 
should be water of condensation on the tubes or plates and the atmosphere 
of the incubator should be kept saturated with water, liuaibation in an 
atmosphere of increased GO 2 tension, about 10 per cen t., gi'eatly improves 
growth and is a practical necessity in primary isolation.'^ With continued 
cultivation on laboratory media, the gonococcus appears to become some- 
what less fastidious and some strains may eventually grow upon the ordi- 
nary infusion media. The preservation of cultures is dilficnill., liowever, for 
the gonococci die off in two. to three days at room (.(nnpcral.un^ and in six 
to eight days at 37° C. but will live longer when kept in the <x)kl. Itiven 
upon continued transfer the gonococci die off and cultures arc frcciuently 
lost. The optimum temperature for growth is 37° C., growth docs not occur 
below 30° C., and temperatures of 40° to 41° C. arc definitely harmful. 
The gonococcus will grow sparsely under anaerobic conditions but is 
essentially aerobic in character. 

With respect to deleterious influences the gonococcus is a delicate micro- 
organism. It is readily killed by heat as indicated above and by dilute 
antiseptics; 1 per cent phenol, for example, kills in one to three minutes. 
It is remarkably sensitive to certain of the flavine dyes (p. 69) and is rapidly 
destroyed by silver salts. The gonococcus is sensitive to drying and, under 
ordinary conditions, can survive exposure to the air for only a very short 
time — one to two hours — although in masses of dried pus it may live 
exceptionally for six to seven weeks. 

The gonococcus is not very active biochemically. Glucose is fermented, 
principally to lactic acid, but many other sugars are not attacked, indol is 
not produced, nitrates are not reduced, and no change is produced in litmus 
milk. Catalase is produced, and a characteristic that has been turned to 
practical differential use is the formation of indophenol oxidase. McLeod 
et aU recommend the cultivation of suspected material on 10 per cent 

® Mueller and Hinton: Proc. Soc. Exp. Biol. Med., 1941, 45:330. 

* Boor: Proc. Soc. Exp. Biol. Med., 1942, 50:22. 

7 McLeod, Coates, Happold, Priestly and Wheatley: Jour. Path. Bact., 1934, 59:221. 
See also Thompson: Jour. Inf. Bis., 1937, 01:129; Malcolm and Bolman: Canadian Pub. 
Health Jour., 1939, 50:252. 
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heated blood (chocolate) agar in an atmosphere containing 8 per cent car- 
bon dioxide, followed by twenty-four hours’ incubation in air. A 1 per cent 
solution of tetramethyl-p-phenylenediamine is poured on the incubated 
plate and poured off again immediately or sprayed on with a nasal atomizer. 
Colonies of bacteria forming indophenol oxidase turn a bright purple color. 
The bacteria are not immediately killed and may be subcultured within half 
an hour. This so-called “oxidase reaction,” coupled with the examination of 
smears for gram-negative intracellular diplococci, is becoming generally 
used in the laboratory diagnosis of gonorrhea. 

Toxins. — Although a number of attempts were made by the early work- 
ers to demonstrate the formation of toxins by the gonococcus, variable 
results were obtained. These bacteria form a weak hemolysin, and their cell 
substance will kill laboratory animals when injected in sufficient amount 
and will evoke suppuration upon instillation into the human urethra. The 



Fig- 53. — Colonies of the gonococcus on blood agar. X 6. 


products of other bacteria, such as staphylococci and colon bacilli, will pro- 
duce the same result, however, and it may be concluded that the gonococcus 
does not produce a specific toxin. 

Variation. — Numerous workers have observed that the cultural charac- 
teristics of the gonococcus are subject to considerable variation. More 
recently it has been found® that two types of colonies may be observed which 
appear to be correlated with immunologic type. The one, designated as 
Type I, is a large, irregular, flattened, translucent colony that, on con- 
tinued incubation, gives rise to surface papillae; the other type of colony, 
Type II, is somewhat smaller, round, raised with slightly convex uneven 
surface, and opaque. Type I colonies are generally recovered from acute 
gonorrhea, while Type II are found in old laboratory strains and, some- 
times, in chronic gonorrhea. The papillae are thought to represent the fibrst 

^ Atkin: Brit. Jour. Exp. Path., 1925, ^.*235. 
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step in transition toward the Type II form. The relation of these forms to 
the dissociative changes of other bacteria is uncertain. 

Classification. — The relationship of the gonococcus to the other mem- 
bers of its genus has already been discussed and need not be considered 
further. The gonococci are immunologically heterogeneous, and a number 
of attempts have been made to subdivide them into types. Most of the 
freshly isolated strains from acute cases appear to fall in one serological 
group, while old stock cultures and strains from chronic (uises constitute a 
second subdivision^ which is regarded by some as a degenerative form.’® 
“Intermediate” and serologically “independent” strains occur, and a sliarp 
differentiation may not be made. Recent work^' on the chemical frac/tiona- 
tion of gonococci has indicated the presence of polysaccharide and nucleo- 
protein components which are shared by other species of Neisseria, the 
meningococcus and Micrococcus catarrhalis. Type-specific carbohydrate has 
been found in gonococci which is said to be responsible for the immuno- 
logical character of Type I and Type II, the two groups noted above. A(;- 
cording to Phair, Smith and RooP^ high titer specific agglutinating antisera 
may be prepared in chickens by the intravenous inoculation of living gono- 
cocci. The significance of these findings to gonococcal infection is as yet 
uncertain. 

Pathogenicity for Man. — Few diseases are so widely disseminated 
through all classes of society as gonorrhea. Precise information as to the 
incidence of the disease is not available; a morbidity rate of 10 per cent in 
the United States is generally accepted as a conservative estimate. It is 
calculated that about a million fresh gonococcal infections occui* each year, 
and there is no evidence of a downward trend.’^ 

As a rule the gonococcus attacks primarily the human uretlira and gives 
rise to an inflammation which may be followed by chronic urethritis UTid 
stricture. There is a marked tendency for spread of the infection along con- 
tiguous mucous surfaces, resulting, in the male, in epididymitis and other 
inflammatory conditions. In the female, the entire genito-urinary tract 
may be involved, and the fallopian tubes, the ovaries and the peritoneum 
are not uncommonly invaded. The gonococcus may also invade the blood 
stream from local lesions and be carried to various parts of the body and 
give rise to a variety of extragenital lesions. Especial predilection is shown 
for the synovial membranes of the joints, where it causes the so-called 
“gonorrheal rheumatism,” and for the heart valves, where it produces en- 
docarditis. Local or general complications occur in perhaps 30 per cent of 
all cases. Gonococcal meningitis occurs, perhaps more frequently than 
formerly thought.’® 

Once established, gonococcal infection persists for a long time; five to 

» C/. Casper: Jour. Bact., 1937, 54:353. 

Cf. Casper: Jour. Bact., 1938, 5^:111. 

Boor and Miller: Jour. Exp. Med., 1934, 59:63; Miller and Boor: Jour, Exp. Med., 
1934, 59:75. 

Gasper; Jour. Immunol., 1937, 52:421. 

Phair, Smith and Root: Proc. Soc. Exp. Biol. Med., 1943, 52:72. 

Vonderlehr and Usilton: Amer. Jour. Syph., 1938, 22:537. 

“ Branham, Mitchell and Brainin: Jour. Amer. Med. Assn., 1938, 110:1801. 
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fifteen years’ duration has been reported but exclusion of reinfection a 
difficult matter. Carpenter and Westphal,^® however, have observed infec- 
tion of seven years’ duration without reinfection. In general, very little is 
as yet known of the gonococcus carrier or the part played by the carrier 
in the spread of the disease. 

Gonorrheal vulvovaginitis occurs in epidemic form in little girls, and in 
these instances the infection is transmitted by bedclothes, towels, common 
bathtubs and other fomites. The commonest complications are urethritis, 
proctitis and cervicitis. Such epidemics are frequently exceedingly difficult 
to control and constitute a serious problem in many institutions such as 
children’s wards in hospitals.^’’ 

Gonorrheal ophthalmia of the newborn is a well-known consequence of 
maternal infection; infection does not occur in utero but during passage 
through the birth canal. Although exact information is not obtainable, it is 



Fig. 54. — ^Urethral smear from gonorrhea. Gram stain. Note the intra- and extra- 
cellular position of the gonococci and their typical coffee-bean shape and arrangement 
in pairs. X 2400. 


estimated that 10 per cent of all cases of blindness are traceable to this 
source, and that in the United States there are perhaps 12,000 children 
blind from this cause. The instillation of silver nitrate or other silver salts 
immediately after birth prevents infection. 

Except in the case of vulvovaginitis in children, gonorrhea is spread by 
direct contact, usually sexual. Once infected, an individual may remain 
infective for a long time, and gonococci may persist in the genito-urinary 
secretions for years after apparently complete recovery, and even though 
they may not be found by bacteriological examination the infection may be 
transmitted. Gonorrhea persists, then, in the human population in a smol- 

Carpenter 8ind Westphal: Amer, Jour. Pub. Health, 1940, 50:537. 

A comprehensive discussion of vulvovaginitis in children may be found in the 
Medical Officer, 1938, 59:191, 203; see also Cohn, Steer and Adler: Ven. Dis. Inform., 
1940, 2f:208. 
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dering endemic form and, as a consequence of the nature of its transmission, 
widespread epidemics in the usual sense do not occur. 

Bacteriological Diagnosis of Gonococcus Infect ion. — The demon- 
stration and identification of the gonococcus are essential to the diagnosis of 
gonorrhea and it should be borne in mind that every case of gonorrhea is 
potentially a medico-legal case. The presence of gram-negative intracellular 
diplococci in urethral smears in most cases justifies a provisional diagnosis 
of gonorrhea. Morphologically similar bacteria may, however, be present 
in the vagina or conjunctivae.^^ It is generally agreed that culture of the 
gonococcus gives a higher proportion of positive results than direct smear 
examination alone^® and cultured gonococci may, of course, be identified. 
The question of survival of this relatively delicate bacterium in transport 
of specimens is of some importance. It seems to survive well in urine*-^’ and 



Fig. 55. — The oxidase test for the identification of gonococcus colonies. Pure culture 
on blood agar. Left, gonococcus colonies before the application of tetramethyl-p-phcnyl- 
enediamine solution. Right, the same colonies after the application of the reagent. 
Note the greater intensity of color about the edges of the colonics immediately after 
application, and the discoloration of the medium. X 5. 

Cox, McDermott and Mueller^^ Rave devised a diluted defibrinated blood 
solution containing 1: 30,000 crystal violet into which the swab is placed; 
the dye serves to inhibit the growth of contaminants. For culture infusion 
base-chocolate agar (often designated “for Neisseria'') is the medium of 
choice and is inoculated directly with the specimen (or sediment if it is 
urine or spinal fluid). The culture must he incubated in 10 per cent CO 2 ; 
this atmosphere may be satisfactorily approximated by putting the plates 

For a recent and detailed summary of the laboratory procedures see Carpenter ‘ 
Ven. Dis. Inform., 1943, 24:133. 

Cf. De Bord: Jour. Lab. CHn. Med., 1943, 25:710. 

For example, see Sulkin and Gottlieb: Amer. Jour. Syph., 1941, 25:22; Weiss and 
Colvin: Southern Med. Jour., 1941, 54:1102. 

Allison, Charles and Carpenter: Ven, Dis. Inform., 1942, 25:283. 

^2 Cox, McDermott and Mueller; Ven. Dis. Inform., 1942, 25:226; Amer. Jour. Pub. 
Health, 1943, 55:149. 
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in a jar together with a lighted candle and sealing. The oxidase test serves 
to differentiate the oxidase-positive colonies and, if picked immediately, 
they may be subcultured. Identification is based upon sugar fermentations 
in serum broth. 

Pathogenicity for Lower Animals. — The gonococcus is non-patho- 
genic for lower animals, aside from the toxicity of the cell substance as 
noted above, and gonorrhea has never been reproduced in experimental 
animals, including anthropoid apes. 

Immunity. — Little if any immunity to the gonococcus is acquired as 
a result of infection, and second and third infections may be superimposed 
upon the first, i.e., acute upon old chronic infections. As might be expected, 
then, the therapeutic use of vaccines and various types of antisera is with- 
out effect. The significance of the observed extensive phagocytosis of gono- 
cocci by polymorphonuclear leucocytes is uncertain. 

Some degree of immunological response is evident, however. Comple- 
ment-fixing antibodies are usually present, and patients may give a marked 
skin reaction to suspensions of killed gonococci. A number of attempts have 
been made to utilize these responses in the immunological diagnosis of 
gonorrhea. 23 The complement-fixation test has shown some promise but 
is not generally used. The skin reaction is apparently too variable to have 
practical value.^^ It has also been observed that the discharges from gonor- 
rheal inflammations give a precipitin reaction with antigonococcus serum, 
but this flocculation reaction has as yet no diagnostic value. 

THE MENINGOCOCCUS25 

Inflammation of the meninges or investing membranes (pia-arachnoid) 
of the brain and spinal cord may be provoked by a variety of microorgan- 
isms, and may occur either as a primary affection or secondarily in the 
train of an infection originally begun elsewhere. One form of meningitis, 
characterized especially by epidemic spread and usually designated as 
epidemic cerebrospinal meningitis, spotted fever or cerebrospinal fever, 
is accompanied by a specific microorganism commonly known as the 
meningococcus. 

This bacterium was described by Marchiafava and Celli in the meningeal 
exudate as early as 1884, but the first important work upon it was that of 
Weichselbaum,2® who, in 1887, obtained it in pure culture and described it 
in detail as the characteristic micrococcus found in six cases of acute cere- 
brospinal meningitis. Confirmation was supplied by the work of Jager^^ in 
spite of some faulty observation. The etiologic role of the meningococcus 
has since been securely established by a number of investigations. 2® 

23 Cf. Casper: Ven. Dis. Inform., 1941, 52:119. 

^ Cf. Torrey: Jour. Immunol., 1940, 5^:413. 

25 For general reviews see Murray: Med. Res. Council Spec. Kept., Ser. No. 124, 1929; 
Branham: Bact. Rev., 1940, 4:59. 

2® Weichselbaum: Fortschr. d. Med., 1887, 5:573. 

27 Jager: Ztschr. f. Hyg., 1895, 19:351. 

23 Cf. Foster and Gaskell: Cerebrospinal Fever. Cambridge University Press. London. 
1916. 
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The meningococcus has been designated by a variety of names, including 
Micrococcus meningitidis. Micrococcus intracellular is meningitidis, Neisseria 
meningitidis and, according to Bergey,^® Neisseria intracellular is. Although 
Neisseria is generally accepted, common usage is divided between inira- 
cellularis and meningitidis. 

Morphology and Staining. — In film preparations of the meningeal exu- 
date the meningococcus is very like the gonococcus and occurs in pairs or 
tetrads both within the leucocytes and free. The diplococci are flattened 
toward one another like gonococci, and there is considerable variability in 
the size of different cells in the same smear. In cultures the meningococcus 
averages a little less than 1 jjl in diameter, and appears, as a rule, in pairs; 
short chains are seen more rarely. The variability in size observed in menin- 
geal exudate may also be seen in cultures, particularly in those more than 
twenty-four hours old. Involution forms are common, and it is not unlikely 



Fig. 56. — Meningococcus, pure culture. Note the typical diplocoocus arrangement. 

Fuchsin; X 1050. 

that the larger cells are degenerative. No capsule is present, although irreg- 
ularities in staining and the occurrence of swollen cells have led to some 
confusion on this point. The meningococcus is non-motile and does not 
form spores. 

Meningococcus colonies in blood agar are moist, elevated, smooth and 
with a bluish gray tinge. They do not produce green discoloration nor hem- 
olysis and may be readily differentiated from the hemolytic and viridans 
streptococci and the pneumococcus. The colonies are not so white and 
opaque as those of the staphylococci. 

The meningococcus stains readily with the usual aniline dyes and, like 
the gonococcus, is gram-negative. The involution forms found in cultures 
tend to stain unevenly, of course, but even young cells may show the 
presence of metachromatic granules when stained by Loffler’s alkaline 

Bergey: Manual of Determinative Bacteriology. WilKams & Wilkins Company. Balti- 
more. 5th ed., 1939- 
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methylene blue and other stains, and to a greater extent than the gono- 
coccus. It may be noted that no sure distinction between the meningococcus 
and the gonococcus can be made on morphological grounds, and the identi- 
fication of gonococci in gonococcal meningitis is dependent upon culture 
and differential fermentations. 

Physiology. — Strains of meningococci vary considerably in the ease 
with which they may be cultivated; some strains will grow, although 
sparsely, on nutrient and infusion media, but in general rich media con- 
taining serum or whole blood are required. Infusion base chocolate agar or 
blood agar are the most useful media. The hydrolyzed casein-starch medium 
of Mueller and Hinton® and Boor’s® tryptic digest medium will support 
growth of this bacterium. According to Boor the meningococcus differs from 
the gonococcus in that it does not require the addition of cystine to his 



Fig. 57. — ^The oxidase test for the identification of meningococcus colonies. Mixed 
culture on blood agar. Left, colonies of meningococci and contaminants before the 
application of tetramethyl-p-phenylenediamine solution. Right, the same colonies after 
the application of the reagent. Note that the meningococcus colonies show the develop- 
ment of color first about the edges and there is slight discoloration of the medium. X 5. 

medium. Frantz^® has found that stock cultures of the meningococcus, 
which are, however, less exacting than recently isolated strains, will grow 
on an inorganic salt-glucose medium containing glutamic acid and cystine. 
In isolating the meningococcus it is essential that the culture medium be 
warm when inoculated and kept warm until finally placed in the incubator. 
Growth is favored, especially in primary isolation, by incubation in an 
atmosphere containing 10 per cent carbon dioxide. The meningococcus will 
grow over a temperature range of 25° to 42° C. with an optimum at 37° C. 
Although sparse growth will occur under anaerobic conditions, the menin- 
gococcus is, for all practical purposes, an aerobe. 

Continued cultivation on laboratory media results in more luxuriant 
growth, and the bacteria presumably become less nutritionally fastidious. 
Meningococcus cultures are difficult to keep, however, and tend to die out 
30 Frantz: Jour. Bact., 1942, 45:757. 
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in stock culture with refusal to grow in transplants. In most media these 
bacteria die within a few days if not transferred, but vitality may be pre~ 
served for several weeks in stab cultures in starch agar (1 per cent corn 
starch in nutrient agar) and are best kept in the incubator. 

The relatively early appearance of involution forms in meningococcus 
cultures as well as their limited viability when not trausplan ted is, perhaps, 
attributable to their formation of an active aulolysin, and in saline suspen- 
sion in the incubator autolysis may take place within a few hours. The 
autolysin is heat-labile, being destroyed at 65° C. in thirty nhnutcjs, and 
suspensions prepared for agglutination studies should be inactivated in this 
way. 

The meningococcus, like the gonococcus, is a delicate mic'i-oor-ganisin and 
not highly resistant to deleterious influences. It is killed in a short time by 
drying and by exposure to dilute disinfectants. It is parlieidarly sensitive 
to heat and cold and, unlike many bacteria, dies out within a few days 
at 0° G. 

The meningococcus is not an active fermenter. Considerable quantil ies 
of acid, presumably lactic for the most part, are formed from gluciosc and 
maltose. The fermentation of maltose serves to distinguish the meningo- 
coccus from the gonococcus. Neither is this bacterium actively proteoly l ie, 
for coagulated serum is not liquefied. 

Toxins. — Meningococcus meningitis in man and that reproduced in 
experimental animals is usually accompanied by a profound toxemia. The 
meningococcus, however, appears to form no soluble toxin, thotigh its cell 
substance is toxic to experimental animals when injectcnl in relatively large 
amounts. Miller and his co-workers^^ have shown that the toxicity is heat 
stable (100° C. for thirty minutes) and the rate of its destruction suggests 
that the endotoxin consists of two substances, one much more thermostable 
than the other. The relationship of the endotoxin to the “P” substance (see 
below) is not clear. 

Variation. — Rough and smooth colony types of the meningoeoecus have 
been described by Rake,^^ ^rho found that recently isolated strains were 
generally smooth while old stock cultures were rough. Mucoid colonies 
were observed in a few instances. The change from smooth to rough was 
associated with a partial loss of immunological type-specificity. 

Classification. — The meningococci are closely related to the gonococci, 
not only morphologically and physiologically but immuiiologically in that 
certain antigenic substances appear to be held in coramoti as indicated 
previously. 

The meningococci are not themselves immunologically homogeneous, and 
it was found by Dopter^^ that certain strains, culturally “typicaF’ meningo- 
cocci, did not agglutinate with antimeningococcus serum. These he desig- 
nated “parameningococcus,’’ a term that has since given rise to some con- 
fusion and may well be discarded. Gordon and Mnrray^^ distinguislied four 

31 Miller et al: Jour. Inf. Dis., 194S. 75:248. 

3^ Rake: Jour. Exp. Med., 1933, 57:549, 561. 

33 Dopter: Compt. rend. Soc. bioL, 1919, 66:1055. 

3^ Gordon and Murray: Jour. Roy. Army Med. Corps, 1915, 25:411. 
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serological types, which they disignated by Roman numerals. These types 
have been telescoped into two groups. Group I containing Types I and III 
which are very closely related, and Group II made up of Types II and IV. 
Type IV seems to have disappeared (it is doubtful whether the European 
Type IV and American Type IV were identical) in recent years and Group 
II and Type II are synonymous. There is considerable variation in the fre- 
quency of occurrence of the two groups, and in general Group I appears 
to be associated with the epidemic disease while Group II predominates in 
interepidemic years. Recently a new type*, related to Type II but independ- 
ent and homogeneous, has been found to be quite prevalent.®^ It has been 
designated Type Ila. The types of meningococci encountered at present 
are, then, Group I, Group (or Type) II, and Type Ila. 

While it is not uncommon to encounter strains of meningococci which do 
not fall into these types, most strains may be assigned to one or another of 
them. In practice typing is complicated by the merging of agglutinative 
types and the antigenic instability of meningococcus cultures.^® Typing is 
essential for accurate epidemiological studies, however, and is commonly 
done in this connection. For routine identification agglutination with poly- 
valent antiserum suffices. 

Studies on the natme of the antigens of the meningococcus by Rake and 
Scherp^^ showed that three types of antigen are present. One is a polysac- 
charide common to all types of meningococci and found in the gonococcus 
also, which was designated “C” substance. A second fraction, likewise 
common to all meningococcus types and highly toxic to rabbits, is protein 
in nature and designated “P” substance. A third fraction was type-specific 
and in Types I and III is polysaccharide in nature and identical in the two 
types. The type-specific substance from Type II appeared to be a poly- 
saccharide-polypeptide complex.^^ 

While the routine typing of meningococci is probably not worth while, 
typing in connection with the preparation of therapeutic antisera is obvi- 
ously of importance, and at the present time such antisera are generally 
polyvalent. 

Pathogenicity for Man. — The resistance of man to meningococcus in- 
fection is relatively high, and the incidence of healthy carriers is invariably 
considerably higher than that of cases of the disease. It is probable that 
predisposing factors play a large part in determining whether or not infec- 
tion will occur; insufficient clothing, inadequate ventilation, exposure to 
inclement weather and fatigue very likely contribute in large measure to 
increasing susceptibility. 

The meningococcus is initially present in the nasopharynx and from there 
gains access to the central nervous system. The route by which this occurs 
is uncertain; it is thought by some that the bacteria follow the perineural 
spaces oflihe olfactory nerves or set up a preliminary sinusitis and reach 

35 Branham and Carlin: Proc. Soc. Exp. Biol. Med., 1942, 49:141. 

36 Cf. Branham, Taft and Carlin: Pub. Health Repts., 1931, 4^:897; Branham: Jour. 
Immunol., 1932, 29:49. 

37 Rake and Scherp: Jour. Exp, Med., 1933, 59:341, 361. 

36 Cf. Menzel and Rake: Jour. Exp. Med., 1942, 75:437. 
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the brain either via the lymphatics or by direct extension through the bone. 
Others believe the meningococci reach the central nervous system via the 
blood stream through a preliminary bacteremia. While there is no definitive 
evidence concerning the means by which meningococci reach the central 
nervous system from the nasopharynx, the evidence appears to favor the 
hematogenous route. 

In the healthy carrier the infection remains confined to the nasopharynx 
and in this case is short-lived there and produces few or no symptoms. When 
the blood stream is invaded eenly in the disease hemorrhages usually occur 
in the skin and petechiae appear, especially on the wrists arul ankles, or on 
any mucous or serous surfaces. These are apparent in twenty-four hours 
after invasion and fade in a few days. The rash is quite diflcrenl, from other 
purpuric rashes; the spots take geometric shapes and are highly irregular 
in size. Meningococci may be observed in smears of material taken from 



Fig. 58. — Meningococci in spinal fluid, showing phagocytosis of the niicroorganisnis. 

Gram stain; X 1050. 


these lesions.^® Other symptoms include sudden onset, chills, fever, and 
meningeal symptoms such as headache, drowsiness, etc. Pain in the arms 
and legs is common.^® 

Upon reaching the central nervous system, the meningococcus sets up a 
suppurative lesion of the meninges which involves the surface of the spinal 
cord together with the base and cortex of the brain. The microorganisms are 
invariably present in the spinal fluid, which may vary from a slight to a 
heavy turbidity. The bacteria are found, sometimes in great numbers, both 
free and within the leucocytes in smears of spinal fluid. The case fatality is 
variable hut in any case high, and ranges from 35 per cent to 80 per cent.'*’ 

There is some divergence of opinion regarding the nature and extent of 
sequelae to meningococcus meningitis, hut these appear to include deafness, 

Tompkins: Jour. Amer. Med. Assn., 1943, 42^:31. 

For a general discussion see Strong: Amer. Jour. Med. Sci., 1943, 20^:561. 

« Cf. Branham: Bull. Office Internal. d’Hyg. Pub., 1937, 2.9:2148. 
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which is the most common, blindness, and pain and weakness of the neck, 
arms and legs. In the series of cases studied by Maddock^^ 7 to 8 per cent 
of the patients showed sequelae persisting for nine to thirty months after 
recovery. 

Epidemiology.— Lnik^ most of the respiratory infections, meningococcus 
meningitis is disseminated by direct contact and droplet infection through 
the secretions of the mouth, nose and throat. Infection is spread by patients 
and convalescents to a limited extent, but healthy carriers of meningococci 
are of primary importance. Some persons are temporary carriers, while 
others are chronic, discharging meningococci more or less continuously or 
in a sporadic fashion. Of a group of ten carriers studied at the Rockefeller 
Institute,^^ half were of the chronic type, carrying what was apparently the 



Fig. 59. — ^The seasonal incidence of meningococcus meningitis. Averages of reported 
cases by months for the years 1930 to 1938 inclusive. Data from Supplements to Public 
Health Reports. 


same strain of microorganism for over two years. Weekly examination 
might be negative' for a period, in one case as long as four and one-half 
months, and then the same type of meningococcus would appear. It is 
suggestive that the chronic carrier state seems often to be associated with 
some abnormal oondition of the upper respiratory tract. 

The carrier rate is, of course, variable but is undoubtedly directly related 
to the incidence of clinical disease. Studies^^ during the first World War indi- 
cated that the normal carrier rate in some of the troops was 2 to 4 per cent 
but rose preceding an epidemic, and when it reached 20 to 30 per cent cases 
began to appear. As the epidemic developed the carrier rate continued to 

^^2 Maddock: Med. Res. Coimcil (Great Britain) Monthly Bull. Ministry of Health 
and Emergency Pub. Health Lab, Service, 1943, 2:111. 

43 Rake: Jour. Exp. Med., 1934, 59:553. 

44 Cf. Med. Res. Council Spec. Rept. Ser. No. 50, 1920. 

43 As in the Detroit epidemic of 1928—29. Cf. Norton and Gordon: Jour. Prev. Med., 
1930, 4:207. 
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rise, sometimes to as high as 80 to 90 per cent. The increase in carrier rate 
appeared in some instances to be associated with the spacing of the beds in 
barracks, occurring when the beds were within a few inches of one another; 
spacing of the beds 3 feet or more apart resulted in a reduction of the carrier 
rate from 30 per cent to less than 2 per cent. The general signilicance of 
these observations is uncertain, however, for in some outbreaks congestion 
of the population has appeared to be a minor factor, in other instances 
the carrier rate may be 20 per cent or more without the occurrence of 
cases/^ and sporadic cases occur with a low (5 per cent) carrier rale. 

Epidemics of meningococcus meningitis are prone to occur in military 
populations, and epidemic cerebrospinal fever was, with influenza, one of 
the most important diseases among the troops in the first World War. The 
influence of predisposing factors causing an increased susceptibility is 
especially marked under conditions of military life; fatigue, exposure to 
inclement weather and similar factors very likely play a part in reducing 
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Fig. 60.— The prevalence of meningococcus meningitis in the Registration Area since 
1900 as indicated by the uncorrected death rates. From data compiled by the Bureau 
of the Census. 


the normal resistance of the raw recruit. This general reduced resistance, 
coupled with the opportunities for the dissemination of the microorganisms 
provided by the close communal existence in barracks, undoubtedly is an 
important factor in the genesis of these epidemics. Outbreaks in the civilian 
population differ in that children (over three months) and adolescents are 
generally attacked; susceptibility appears to be greatest in children under 
ten years of age, distinctly less in adolescents, and remains at a low level 
thereafter. 

Whether occurring in civilian or military populations, epidemics of men- 
ingococcus meningitis have a number of distinctive characteristics. The 
relatively high carrier rate that may prevail, coupled with the low morbidity, 
estimated at 0.01 to 0.3 per cent of the exposed population, is an expression 
of a high degree of normal resistance, while the high case-fatality rate indi- 
cates the serious course of the infection once established. The relative 
insusceptibility of the general population also results in the spotty character 
of the spread of the disease; some groups escape which are closely associ- 
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ated with the focus of infection, while in others, apparently remote, out- 
breaks occur. Direct transmission from case to case is infrequently observed. 
Usually carriers constitute the link between cases. Further, epidemics fre- 
quently consist of a series of recurring outbreaks rather than the well- 
marked single epidemic wave often observed to occur in other diseases. 
The seasonal incidence is marked in temperate climates (see Fig. 59). Males 
are more frequently attacked than females, although this may be an 
expression of risk rather than sex differences in resistance. Racial dif- 
ferences in susceptibihty are indicated by military experience in which 
the morbidity and mortality rates of the colored troops were twice that 
of the white. 

Bacteriological Diagnosis of Meningococcus Infection. — The 
meningococcus is present in considerable numbers in the spinal fluid in 
meningitis, and the finding of the characteristic gram-negative intracellular 
diplococci in stained smears of the sediment from centrifuged spinal fluid 
is sufficient to establish a provisional diagnosis. It may be cultured by the 
direct inoculation of spinal fluid sediment or nasopharyngeal swabs (in the 
detection of carriers) on infusion base chocolate agar or blood agar. Blood 
culture is useful early in the disease and in those cases which do not show 
meningeal symptoms. In any case it is important that the specimen not 
be allowed to cool below body temperature before inoculation of the warm 
medium. Like the gonococcus, the meningococcus is oxidase-positive and 
the oxidase test is especially useful for nasopharyngeal cultures. The iso- 
lated meningococci may be identified by fermentation tests and aggluti- 
nation with polyvalent' antiserum. Typing by agglutination with type- 
specific antiserum may be carried out if desired. 

Pathogenicity for Lower Animals. — The usual experimental animals 
are relatively resistant to the meningococcus upon intraperitoneal or intra- 
venous inoculation. White mice are more susceptible than most other 
animals, and the injection of sufficient quantities of meningococci will result 
in death. Rabbits react in a similar fashion. Enormous numbers of bacteria 
must be injected, however, and there is some question as to whether an 
actual infection is set up ; killed meningococci are as effective as the living 
cells, and it is likely that the observed result is essentially a toxemia. 

Flexner^® was able to infect rhesus monkeys by the intraspinal inocula- 
tion of large amounts of meningococcus cultures, and the disease appeared 
to be more acute than in man. Branham and her colleagues have been able 
to reproduce meningococcus meningitis in rabbits^^ and in guinea pigs^® by 
the intracisternal injection of virulent meningococci. As in man, the experi- 
mental disease is both a local meningeal involvement with a purulent 
meningitis and a general toxemia. According to Branham it is easier to 
produce meningitis in guinea pigs than in rabbits. Similarly, Andrewes and 
Lush^® have produced fatal meningo-encephalitis in mice by intracerebral 
inoculation though not by other routes. It is of interest to note that the 

Flexner: Jour. Exp. Med., 1907, 9:142. 

^7 W flTiham and Lillie: Pxib. Health Repts., 47:2137. 
iBranham, Lillie and Pabst: Pub. Health Repts., 1937, 52:1135. 

^^^Andrewes and Lush: Join*. Path. Bact., 1941, 52:85. 
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developing chick embryo may be infected with meiiiiig(>c()(‘(*i ; fbc twelve- 
day embryos develop a septicemia and hemorrhagic lesions simulating 
fulminating meningococcus septicemia®® in man. 

Immunity. — Infection with the meningococcus leads to the develop- 
ment of demonstrable antibodies and patient’s serum may agglutinate to a 
titer of 1 : 50. The development of agglutinins is irregular, or possibly 
appears so because of the antigenic instability of meningococci, and cannot 
be depended upon for diagnosis. Compleroent-lixing antibodies are pro- 
duced also but too late in the disease (eight to fourteen days) to be of 
diagnostic utility.®^ 

The injection of large numbers of meningococci into horses induces the 
formation of agglutinins, opsonins and amboceptors, and the horse serum has 
a curative value. The therapeutic use of an tiserum was placed up< ai a sound 
basis by the work of Flexner®® and his collaborators. A curative serum 
was prepared by Flexner and Jobling®^ by injecting a horse first wil-h gradu- 
ally increasing doses of dead meningococci, then of living (X)ccu, and finally 
of an autolysate. Injection into the spinal canal of this scrum exerts, in 
many instances, a marked influence upon the course of the disease. ''Fhe 
effect is due in part to an antitoxic action, in part to a stimulus to iiKU’cased 
phagocytosis, and in part to a direct injurious elfect upon tlui rnimingoc'.occi, 
for observations of the cerebrospinal fluid after injection show a remark- 
able destruction of the meningococci. The antiserum is apparently not 
particularly effective when given intravenously, but a (combination of intra- 
venous and intrathecal administration appears to be better than intrathecal 
injection alone. Flexner has reported®® that in 1294 (.cases treated with scirum 
the mortality was not quite 31 per cent, as compared with an av(.‘rago cease 
fatality of 70 per cent in the pandemic which began in 1904 and had not 
wholly ended in 1913. In 199 cases in which antiserum was administered 
between the first and the third day of the disease the morl,aIit;y was 18 
per cent. Variation in the case-fatality rates in various epidemiccs is wide, 
however, and it is difficult if not impossible to determine the relative effect 
of differences in the virulence of the meningococci, variation in the (4!i(ca(cy 
of the sera employed and differences due to early or late administration of 
the serum. 

The use of polyvalent antiserum is, of course, a necessity, as pointed out 
earlier. Continued experience with antimeningococcus serum tends to em- 
phasize some of the difficulties of practice and int(crpr(itati(ni. No satis- 
factory method for the standardization of the serum has been as yet devised ; 
agglutinin titer has been used, and recently a standardization in terms of 
mouse protection has been suggested.®® The last appears to be the best 
method of assay but must be carefully controlled.®^ In spite of t he benefhaal 

soBuddingh and Polk: Jour. Exp. Med., 1939, 7(}:485, 499. 

SI Cf. Cruickshank: Jour. Path. Bact., 1941, 52:142. 

62 Kolle and Wassermann: Deut. med. Wchnschr., 1906, 32:609. 

66 Flexner: Jour. Exp. Med., 1907, 9:168. 

64 Flexner and Jobling: Jour. Exp. Med., 1908, i0:14il. 

66 Flexner: Jour. Exp. Med., 1913, i7:SSS. 

66 Branham, Pittman, Rake and Scherp; Proc. Soc. Exp. Biol. Med., 1938, 39::U>H. 

67 Pittman; Pub. Health Repts., 1941, 56:92. 



Neisseria Sicca 


367 


results frequently reported from the use of antiserum, there are some cases 
and some epidemics in which the serum treatment seems of little avaiL^® 
Prophylactic vaccination with suspensions of meningococci has been at- 
tempted by a number of workers, but the procedure is difficult to evaluate. 
For example, Maclean and Bevan®® found no evidence of the efficacy of 
active immunization in their study of an epidemic in Cyprus, while 
Genevray®^* has reported highly encouraging results in Tonkin. In general 
there appears to be no consistent and unequivocal evidence of a significant 
degree of protection conferred by active immunization procedures. 

OTHER GRAM-NEGATIVE DIPLOCOCCI 

In addition to the gonococcus and the meningococcus, two other species 
of non-pigmented gram-negative diplococci are generally recognized. 


\ • . , ^ t - 4 



Fig. 61 . — Neisseria catarrhalis. Smear from a pure culture. Note the diplococci and 
elongated forms which have not yet divided. Fuchsin; X 1050. 

Neisseria catarrhalis is found commonly in the nasopharynx of healthy 
individuals as well as of persons suffering from colds and other respiratory 
infections. The cells as a rule are somewhat smaller than those of the 
meningococcus. Growth occurs on ordinary nutrient agar much more read- 
ily than in the meningococcus, and the colonies are generally thicker and 
more opaque. Dextrose and other sugars are not fermented. Different 
strains vary in their pathogenicity for animals, hut many strains are fully 
as pathogenic as meningococci for white mice. In man they appear at times 
to excite catarrhal inflammation and sometimes pneumonia. They seem to 
have been conspicuous invaders in the 1918 influenza epidemic in some 
localities. 

Neisseria sicca is a small gram-negative coccus found on the mucous 

58 The treatment of meningococcus meningitis is discussed by Branham: Pub. Health 
Repts., 1938, 55:645. 

5® Maclean and Bevan: Proc. Roy. Soc. Med., 1939, 52:1551. 

60 Genevray: Rev. med. franc. d’extreme-Orient, 1941, f 9:143 
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membranes of the respiratory tract. It grows at room temperature as well 
as at 37° C., forms white, firm, dry, adherent colonies, and ferments sucrose, 
lactose and maltose. Although not ordinarily regarded as pathogenic, it 
has been found as apparently the causal agent in a case of kidney infec- 
tion®^ and has been found in the blood stream of patients ill with clinical 
endocarditis.®^ 

The Pigmented Forms. — Gram-negative diplococci which form a pale 
greenish-yellow pigment often best observed by transmitted light may be 
found in the upper respiratory tract of man. Formerly regarded as non- 
pathogenic, one species, N. Jlavescens, has been described as occurring in 
the spinal fluid in cases of clinical meningitis, as indicated earlier. These 
pigmented forms are differentiated from one another on the basis of 
fermentations. 
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The Obligate Anaerobic Species. — Three species of Neisseria which 
are obligate anaerobes are recognized by Bergey,^® viz.^ N. discoides^ N. 
reniformis and N. orhiculata. These bacteria are found as parasites on man 
in the mouth and in the intestinal and genito-urinary tracts but are not of 
known pathogenicity. It may be noted here that Bergey now includes under 
the family Neisseriaceae a new genus, Veillonella, made up of two species, 
V, parvula and V. gazogenes. These bacteria have been known as Micro- 
coccus parvulus and Micrococcus gazogenes^ and whether the creation of a 
new genus is justified remains to be seen. 

Kretsciimer and Hufnagel: Jour. Amer. Med. Assn., 1924, ^2:1850. 

Schultz: Jour. Amer. Med. Assn., 1918, 71:1739; Shaw: Science, 1932, 75:488. 



CHAPTER 18 


THE ENTERIC BACILLI: THE COLIFORM BACTERIA AND 
FRIEDLANDER’S BACILLUS 

The gram-negative, non-spore-forming bacilli make up a large group of 
bacteria which includes intestinal commensals such as the colon bacilli and 
Proteus; the enteric pathogens such as the typhoid, paratyphoid and 
dysentery bacilli; certain saprophytic forms and plant pathogens; and, as 
more distant relatives, the hemophilic bacteria (Hemophilus) ; the so-called 
hemorrhagic septicemia group (Pasteurella) ; and the causative micro- 
organisms of undulant fever (Brucella). 

By far the largest of these subdivisions is that of the enteric bacilli whose 
habitat is the intestinal tract of man. Some are, for the most part, intestinal 
commensals with but feeble pathogenic powers while others are highly 
pathogenic, producing intestinal disease of greater or lesser severity. The 
cholera vibrio is sometimes considered as somewhat set apart from the 
enteric group proper because of its curvature; this would appear to be an 
over-emphasis of a minor morphological difference for not only do the longer 
enteric bacilli often show a slight curvature, but after continued cultivation 
on laboratory media the cholera vibrios lose their curvature and become 
morphologically indistinguishable from the other enteric bacilli. Still other 
bacteria are closely related to the enteric bacilli, in fact sometimes cannot 
be distinguished from them with certainty, but are set apart by differences 
in habitat. Such are Friedlander’s bacillus, a common inhabitant of the 
upper respiratory tract and the causative agent of a small proportion of 
pneumonias, and the plant pathogens of the germs Erwinia which produce 
soft rots of vegetables. Similarly, the members of the genera Proteus and 
Pseudomonas occur as free-hving saprophytes as well as intestinal com- 
mensals of occasional pathological significance. 

The enteric bacilli fall into certain natural groups on the basis of physio- 
logical, immunological and pathogenic characteristics. These are: the coli- 
form group which includes Bacterium coli and Bacterium aerogenes together 
with intermediate and variant forms; the Salmonella group made up of the 
typhoid and paratyphoid bacilli; the group of dysentery bacilli; and the 
cholera and paracholera vibrios. The differences between these groups, how- 
ever, are differences of respective modal conditions of the differential char- 
acters, and at their peripheries the groups merge into one another to give 
a continuous series of intergrading types whose taxonomic positions and 
relationships have so far defied precise and satisfactory definition.’ A useful 

1 Because of the lack of better general agreement than now exists regarding the 
taxonomy of these forms, the writer prefers to retain the generic name Bacterium for 
many of the enteric bacilli. 
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primary ditYerentiation can be made on the basis of llie lactose fennenUo 
tion which is roughly correlated with pathogenicily ; the coliform bacteria 
ferment this sugar rapidly with the formation of acid and gas in twenty -four 
hours, while the bacteria of the other groups, essentially pathogens, do not 
ferment it. The distinction is not absolute, of course, since t)oth the para- 
colon bacilli and certain of the dysentery bacilli are slow lactose fermenters, 
but is sufficiently marked to have considerable practi(‘.al value. 

The lactose-fermenting bacteria constitute the subject, matter of the 
present chapter, and the non-lactose-fermenters will be discuissed in the 
chapters immediately following. 

BACTERIUM COLI 

Bacterium coli {Escherichia coli) was described by I-']scJierich‘'^ in 1886 
under the name of Bacterium coli commune. The original culture was isolated 
from the dejecta of a breast-fed infant, and cultures from this source were 
considered by Escherich to be especially typical. Bad. coli is, however, 
widely distributed, although “ubiquitous” only in the limited sense that it 
is universally found in the intestinal tract of man and many of the higher 
animals. It is especially abundant in the colon and is so characteristic an 
inhabitant of this region of the intestine as fully to deserve the name that 
has been given it. From fresh, healthy human feces it is often isolated in 
pure culture by the ordinary aerobic methods, although microscopic^ exami- 
nation shows that other kinds of microorganisms are also presen t. 

Morphology and Staining. — The colon bacillus exhibits (considerable 
variation in its morphology. The usual dimensions obscerved in stained prep- 
arations from cultures upon nutrient agar or gelatin range from 2 m to 4 g 
in length and from 0.4 fx to 0.7 g in breadth. Very short, oval and ccoccus- 
like forms are not infrequently found and usually predominate when the 
bacillus is observed directly in the normal animal. The bacilli are occasion- 
ally observed in pairs or short chains. Some varieties are encapsidated, 
particularly those found in pathological conditions. Motility is variable, 
although the most typical strains are motile by peritrichous flagella. Spores 
are not formed. 

Colonies upon nutrient gelatin are more consisteirt and characvteristic in 
appearance than those upon agar media. They are opaque to x>J^i‘tially 
translucent, smooth, moist and homogeneous in consistency, with entire to 
undulating edge, and exhibit the maple-leaf appearance common to many 
of the enteric bacteria (see below). Colonial morphology is somewhat vari- 
able upon nutrient agar. Typical colonies are opaque and grayish-white, 
and there may be a tendency to become a light yellowish brown upon con- 
tinued incubation. Pigmented varieties are occasionally observed.® In certain 
differential media the colonies of Bact. coli may assume other characteristics 
typical under the special circumstances. Upon Endo’s medium, for example, 
the colonies are, of course, red but, in addition, take on a curious metallic 
sheen that is highly characteristic when viewed by reflected light. Some 

^ Escherich: Die Darmhacterien des Sduglings. Stuttgart. 1886. 

® Cf. Gililland and Reese: Jour. Bact., 1943, 45:499. 
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varieties are ^-hemolytic on blood agar; such hemolytic strains occur with 
much greater frequency in pathological processes than in the normal 
intestine. 

Bad. coli stains readily with the ordinary aniline dyes and is gram- 
negative. Flagella may be demonstrated by special staining methods. 
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* G, acid and gas; a, acid only; ac, acid and coagulation; variable (acid or negative); +, positive (indol production, 
gelatin liquefaction or H^S formation); — , no change; variable (acid and gas or negative); k, alkaline; ak, acid to alka- 
line. 

t The tartrate reactions (Jordan and Harmon: Jour. Inf. Dis., 1928, 4'^i 238) have been found useful in differentiating 
within the Salmonella group but have not been tested on the other types. 

Physiology, — The colon bacillus is a facultative anaerobe, growing 
equally well under aerobic or completely anaerobic conditions. It grows 
luxuriantly upon the ordinary nutrient media and may be cultivated in 
synthetic solutions containing an ammonium salt and an organic source of 
carbon such as glucose. Growth occurs over a temperature range of 10® to 
46® C., there is good growth from 20® to 40® C., and the optimum is 37® C. 
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Milk is curdled with an acid reaction, usually within forty-eight hours. 
Gelatin is not liquefied, but indol is produced in abundance by cultures in 
peptone water. Hydrogen sulfide is produced in only very small amounts; 
cultures in the usual iron or lead acetate media are negative, but more 
sensitive methods give a positive reaction. 

Various sugars are actively fermented with the production of acid and 
gas, including dextrose, lactose, maltose, arabinose, xylose, rhamnose and 
mannitol. The fermentation of other sugars, including sucrose, is variable, 
but the polysaccharides dextrin, starch and glycogen are not fermented. 
The gas produced is a mixture of carbon dioxide and hydrogen, generally 
in a ratio of 1 : 1. The greater part of the acid produced is hudic acid; 
smaller quantities of formic and acetic acids are formed, together with 
ethyl alcohol. Succinic acid is also found in variable but small amounts. 

The colon bacillus is of ordinary resistance to deleterious influences, 
being, as a rule, neither as resistant as staphylococci nor as susceptible as 
the more delicate bacteria. Most strains are killed by exposure to 60^^ C. 
for thirty minutes, but occasionally more resistant varieties are encoun- 
tered. In common with the other gram-negative bacteria, it is considerably 
less susceptible to the bacteriostatic action of dyes than arc the gram- 
positive microorganisms, and selective media containing dyes are commonly 
used in the primary isolation of the enteric bacteria. The abili ty of the colon 
bacillus to grow in the presence of bile is likewise made use of in dillerential 
media (MacGonkey’s broth) in the bacteriological examination of water. 

Variation. — The existence of two colony types of BacL call has long 
been known, the one the flat, maple-leaf form, and the other a smaller, 
raised, round, moist type. The colon bacillus dissociates into rough and 
smooth colonial types, ^ the S form giving rise to smooth, round, domed, 
shiny, translucent colonies, while the R colony type is characterized by 
an irregular, dull surface, jagged outline and opacity. It has been suggested'* 
that the R form is the more virulent. 

Toxins. — As in the case of many other bacteria, the cell substance is 
toxic to experimental animals upon parenteral inoculation. The specificity 
of the endotoxin has not been established. Vincent® has described two toxic 
substances formed by the colon bacillus, the one a heat-labile neurotropic 
toxin and the other a heat-stable enterotropic toxin. An enterotoxic sub- 
stance that has been reported by other workers® is of interest in connection 
with the epidemiological implication of colon bacilli in outbreaks of food 
poisoning. Some strains of coli produce filterable hemolysin. 

Pathogenicity for Man. — The ability of the colon bacillus to set up 
pathologic processes in man is very slight. The microorganism is constantly 
present in the intestinal tract and, although excessive sugar fermentation 
with the liberation of irritant acids and gas may possibly be responsible for 
some cases of diarrhea, in general it does little harm. The term patho- 
genicity is, as has been pointed out elsewhere, a relative one, and BacL coli 

* Gratia: Jour. Exp. Med., 1922, 35:2S7. 

« Vincent: Compt. Rend. Acad. Sci., 1925, i80:2%9, 407, 1083, 1624; see also Wein- 
berg and Prevot: Compt. Rend. Soc. Biol., 1927, 97:161. 

® Jordan and Burrows: Jour. Inf. Dis., 1935, 57:121. 
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may, on occasion, invade the body tissues and set up a focus of infection. 
The urinary tract is probably the most frequently invaded, and the major- 
ity of cases of cystitis are of coli etiology. The colon bacilli may also play a 
part in the formation of gallstones ; the bacillus is frequently found in the 
core of gallstones and, in culture, can precipitate cholesterol and other 
biliary constituents. The injection of colon bacilli into the healthy urinary 
bladder or gallbladder does not produce infection in experimental animals, 
but infection occurs if the bile duct or urethra is obstructed. Local infec- 
tions such as abscesses, conjunctivitis and the like have been observed but 
are not common. BacL coli septicemia is very rare but may occur as an 
agonal invasion in acute infective processes. A hemorrhagic septicemia 
caused by BacL coli sometimes occurs in newborn children and is known as 
WinckeFs disease. 

In general, however, coli infection is rare except in cystitis, and it is 
probable that the pathogenic powers of the colon bacillus have been exag- 
gerated, particularly by the early writers who in many instances failed to 
differentiate coli from other members of the enteric group. It may be noted 
that the common occurrence of agonal or postmortem invasion of the body 
by the colon bacillus tends to diminish the value of evidence derived from 
finding this bacterium in the internal organs after death. 

Pathogenicity for Lower Animals. — BacL coli is of low pathogenicity 
for laboratory animals. Two cubic centimeters of a broth culture injected 
intraperitoneally will kill a guinea pig within a few days, and killed bacilli 
are very nearly as effective. Spontaneous infection of lower animals is not 
common. The diarrhea of young calves known as '‘scours” has been attrib- 
uted to BacL coli septicemia. The colon bacillus is also thought to be a 
factor in the causation of diarrhea of foals and young pigeons. Local infec- 
tion may occur; in one instance of 286 cases of bovine mastitis, 10 were 
app6u*ently due to members of the colon-aerogenes group, of which 3 were 
typical J3ac^. coliJ 

Varieties of Bacterium Coli. — ^The above discussion has been one of 
“typical” Bact. coli and, although the description holds true in general, 
“atypical” strains are not infrequently found. These varieties may be 
separated, for pedagogical purposes, into two groups, one “fermentatively 
atypical,” apd the other, the strains intermediate between Bact. coli and 
BacL aerogenes. The latter straddle the lines of demarcation drawn between 
the two species by various differential tests and will be discussed in a later 
section in that connection. 

The Fermentative Varieties, — These may, of course, be many, owing to 
the number of sugars whose fermentation by these bacteria is variable. A 
few of these are, however, well known and may be mentioned briefly. In 
regard to the sucrose fermentation, about half of the strains of coli isolated 
are able to ferment this disaccharide while the other half are not, and the 
two fermentative types have been given different names; the strains of BacL 
coli that ferment sucrose are called Bacterium coli communior, while those 
that do not ferment sucrose are termed Bacterium coli communis (or 
commune ) . 

^ Gwatkin, LeGard and Hadwen: Canadian Jour. Comp. Med., 1938, 2.'155. 
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Much less frequently strains of Bad. coli are isolated which do not 
immediately ferment lactose, i.e., their colonies on Endo’s medium are 
white. In the course of incubation, however, red papillae develop on the 
white colonies which, upon subcultui'e, ferment lactose and breed true. 
Such strains have been known for many years and are termed Baderium 
coli muiahile. This phenomenon is discussed elsewhere (p. 146) in connec tion 
with bacterial variation. 

A fourth fermentative type which resembles Bad. coli in all particulars 
except that it ferments sugars with the production of acid and no gas is 
generally known as Baderium coli anaerogen.es. Although these names are 
commonly used they have no taxonomic standing and are a matter of 
convenience only. 

The Paracolon Bacilli. — Another fermentative varie ty whose i*elationship 
to the typical coliform bacteria is not clear is that which is characterized 
by late (five to fourteen days) lactose fermentation. In this respect these 
strains resemble the Sonne and dispar dysentery bacilli, and some strains re- 
semble the typhoid and dysentery bacilli in that they arc anaerogenic. They 
may be grouped into paracolon-coli, -intermediate, and -aerogeoes strains.^ 
They are also intermediate in that some strains have been found to con- 
tain somatic or flagellar antigens of the Salmonella group and the Vi antigen 
of the typhoid bacillus.® They appear to be pathogenic to a minor degree, 
not only having been found in association with mild enteric infection, but 
also having produced laboratory infections. They are perhaps to be re- 
garded as transitional forms between the lactose-fermenters and the non- 
lactose-fermenters and possibly allied to the Sonne dysentery bacilli. The 
group is, however, a heterogeneous one and is not to be regarded as a well- 
defined type of enteric bacteria. 

Bacterium cloacae, regarded by many as a distinct species, may be men- 
tioned here, for it differs from Bact. coli in that indol forma tion is variable 
but gelatin is liquefied. The latter property serves to set Bad. cloacae ofi‘ 
from the other members of the colon-aerogenes group, and i t may be prop- 
erly regarded as an intermediate form connecting the colon bacilli with 
the Proteus group, which do not ferment lactose but actively liquefy gelatin. 
Bact. cloacae has also been found to have some pathogenic properties. 

BACTERIUM AEROGENES 

Escherich originally described two types of gram-negative lactose-fer- 
menting bacilli, the one Bact coli and a second which was nonmotile, some- 
what shorter and plumper, and which clotted milk more rapidly. This 
second variety, first termed Bacterium lactis aerogenes, is now generally 
known di.^ Bacterium aerogenes {Aerohacter aerogenes) . Bact. aerogenes is com- 
monly found in soured milk and, unlike Bad. coli, appears to live a sapro- 
phytic existence in nature on the surface of grains and similar places. Be- 
cause of the apparent difference in the origin of these two kinds of lactose- 

® See Stuart, Wheeler, Rustigan and Zimmerman: Jour. Bact., 1943, 45:101; Stuart 
andRustigan: Amer. Jour. Pub. Health, 1943, 5J:1323. 

®See the discussion of Peluffo, Edwards and Bruner: Jour. Inf. Dis., 1942, 70:185 
Caminita et at: Pub. Health Repts., 1943, 55:1165. 
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fermenters, their differentiation has been a matter of great interest in con- 
nection with the use of Bad. coli as an indicator of fecal pollution (p. 223). 

Because of the close resemblance of Bad. coli and Bad. aerogenes, the 
latter may be adequately described in terms of its differences from the 
former. The morphological differences are minor and variable and cannot 
be used as differential characters. Bad. aerogenes, it may be noted, is often 
encapsulated, while the presence of capsules on Bad. coli is relatively infre- 
quent. In general, the fermentative power of Bad. aerogenes is somewhat 
greater than that of Bad. coli; the ratio of carbon dioxide to hydrogen in 
the gas produced is about 2:1, milk is curdled more rapidly, and starch is 
fermented. Growth in gelatin is more luxuriant ; in gelatin tubes a projecting 
“nail-head” growth is characteristically produced. Indol is not produced in 
peptone solution. 

In conjunction with the above differences, three additional tests are 
commonly used in the differentiation of these bacteria: 



Fig. 62 . — Bacterium aerogenes. Smear from a pure culture. Note the coccobacillary form. 

Fuchsin; X 1050. 


(1) The methyl red test is no more than the determination of the pH of a 
dextrose broth culture after four to five days’ incubation. Bad. coli produces 
and maintains a high acidity, and when the indicator is added it is red and 
Bad. coli is said to be methyl red positive. In Bact. aerogenes cultures, on the 
other hand, the hydrogen ion concentration is lower, the added indicator is 
yellow, and Bact. aerogenes is said to be methyl red negative. 

(2) The Voges-Proskauer reaction is a qualitative test for the presence of 
acetylmethylcarbinol or, more properly, for diacetyl. In the fermentation of 
glucose Bacf aerogenes forms acetylmethylcarbinol along with organic acids 
and other products, while Bact. coli does not form this substance. The 
culture is grown in glucose-peptone broth for four to five days. When 5 cc. 
of 10 per cent potassium hydroxide solution are added a deep pink color 
develops on standing in cultures of Bact. aerogenes but not in cultures of 
Bact. coli. Bact. aerogenes is, then, Voges-Proskauer positive ajidBact. coli 
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is negative and there is a negative correlation between the Voges-Proskauer 
test and the methyl red test. The mechanism of the Voges-Proskauer test 
is as follows: upon standing in the presence of alkali the acetylmethyl- 
carbinol present is oxidized to diacetyl, which in turn combines with an 
unknown constituent of the peptone to form the colored substance. Acetyl- 
methylcarbinol is not formed during the early stages of fermentation by 
Bact. aerogenes but as a consequence of further decomposition of the initial 
products of fermentation; hence a four- to five-day culture must be used. 

(3) The citrate test is dependent upon the ability of Bact aerogenes to 
utilize sodium citrate as a sole source of carbon in a synthetic medium. 
A medium consisting of sodium ammonium phosphate, potassium phos- 
phate, magnesium sulfate and sodium citrate is inoculated with the bac- 
teria. aerogenes grows in this solution and is said to be citrate-positive; 
Bact. coli does not grow to any appreciable extent and is said to be citrate- 
negative. 

The differential reactions of Bact. coli and Bact. aerogenes may be sum- 
marized in tabular form : 
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The four most commonly used tests, indol, methyl red, Voges-Proskauer 
and citrate, are frequently referred to by the mnemonic “Imvic” or 
‘TMViC,” which fixes them in order.^’^ In this terminology typical coli is 
(- 1 — amt typical aerogenes (~ — — I-)* 

Other criteria have been used from time to time, including the fermen- 
tation of cellobiose, inosite, glycerol and other carbohydrates, the utiliza- 
tion of uric acid and the Eijkman test. The last consists in the fermentation 
of glucose at 46° C. Bact. coli is positive to this test, while Bact. aerogenes 
is negative. 

The Colon-Aerogenes Intermediates. — “Typical” Bact. coli and 
“typical” Bact. aerogenes are, as indicated above, readily differentiated, 
but these bacteria represent extremes which are connected by a variety of 
intergrading forms. On the basis of the IMViC tests 16 combinations are 
possible, and many of these have been found; Parr,^^ for example, has 
found 14 of these possible combinations. The allocation of these inter- 
mediate forms to coli or aerogenes is, obviously, a difficult matter and prob- 
ably not advisable. It is the practice of many to set up a ''coli group,” an 
"aerogenes group” and an “intermediate group” which may be referred to 
in the aggregate as the coliform bacteria. The existence of the intergrading 
types so lumped and the atypical strains of coli discussed earlier has inter- 
esting phylogenetic implications that cannot be considered here. 

Cf. Parr: Amer. Jour. Pub. Health, 1936, 26:H9. 

1^ The relationships of the coliform bacteria are discussed at length in the review by 
Parr: Bact, Rev., 1939, 3:1. See also Vaughn and Levine: Jour. Bact., 1942, 44:487. 
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The Immunological Relationships of the Coliform Bacteria, — The antigenic 
structure of the colon bacilli has been investigated by a number of workers 
and these bacteria have been found to be immunologically heterogeneous; 
it has been reported, however, that hemolytic strains of Bad, coli isolated 
from urinary infections are immunologically related.^^ Wallick and Stuart^^ 
have made the interesting observation that while most of the colon bacilli 
harbored by a given individual were immunologically identical, or nearly 
so, individuals showed a continuous succession of types, each predomi- 
nating for a few weeks or months and then being replaced by a fresh type. 
It was noted also that immunologically identical types were sometimes 
biochemically different. Although the coliform bacteria are, on the whole, 
highly variable in antigenic structure and the immunological method is of 
no help in their differentiation, certain interrelationships may be observed.^® 
Some of the coliform bacteria are immunologically related to some of the 
other gram-negative bacilli, such as the plant pathogens,^® Friedlander’s 


PERCENTAGE DISTRIBUTION OF COLIFORM TYPES* 


Source 

CoH 

Aer. 

Int. 

Irr. 

Total 

Milk 

28.8 

49.5 1 

20.3 

1.4 

2224 

Water 

51.6 

28.6 

18.5 

1.3 

9496 

Soil 

23.8 

54.3 

18.8 

3.1 

1330 

Grains ; 

17.9 

73.8 

7.3 

1 1.0 

587 

Feces 

87.9 

I 

5.2 

6.8 

0.1 

3974 


* As compiled from various authors. In many instances the strains studied were not 
isolated at random; the percentages are, therefore, weighted, and great significance can- 
not be attached to them. 


bacillus^’^ and Salmonellaf^ while others appear to be related to certain 
of the pneumococcus types.^^* The immunological relationships of the 
paracolon bacilli have been discussed earher. 

The Ecology of the Coliform Bacteria. — The distribution of the coliform 
bacteria in nature is a matter of some importance in connection with the 
use of these organisms as indicators of fecal pollution and has been studied 
by a number of workers. The resxilts of these studies are most conveniently 
expressed in the above tabular form modified from Griffin and Stuart.^® 
Although the percentages given there may not be regarded as an accurate 
expression of the distribution of the coliform bacteria in nature, it will be 

Dudgeon, Wordley and Bawtree: Jour. Hyg., 1922, 21:168. 

WaUick and Stuart: Jour. Bact., 1943, 45:121. 

Cf. Stuart, Baker, Zimmermann, Brown and Stone: Jour. Bact., 1940, 40:101. 

Stanley: W. Virginia Agr. Exp. Station Bull. No. 287, 1938. 

Julianelle: Jour. Immtmol., 1937, 52:21. 

18 Gard and Eriksson: Ztschr. f. Hyg. u. Infektionskr., 1939, f 22:54. 

Barnes and Wight: Jour. Exp. Med., 1935, 62:281. 

20 Griffin and Stuart: Jour. Bact., 1940, 40:83. 
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clear that no strict lines of demarcation regarding habitat may be drawn. 
Aerogenes and intermediate types are found in the intestinal tract in appre- 
ciable proportions, but it is probable that coli found in water, soil and 
elsewhere in nature is present as contamination and is always fecal in origin. 

FRIEDLANDER’S BACILLUS 

A heavily capsulated bacterium, closely related to the coliform bacilli, 
was described by Friedlander^^ in 1883 as the causative agent of pneu- 
monia. As indicated in a previous chapter, the pneumococcus is the causa- 
tive bacterium in the great majority of lobar pneumonias, but the bacillus 
described by Friedlander is also responsible for a small proportion of pneu- 
monias in man. The bacterium has been variously known as the pneumo- 
hacillus, Bacterium pneumoniae, Bacterium friedlanderi. Bacillus mucosus 
capsulatus, Encapsulatus pneumoniae and Klebsiella pneumoniae. 

Morphology and Staining. — Friedlander’s bacillus is a short, thick 
oval rod 1 to 2 ^ long and 0.5 to 0.8 m thick, arranged singly and in pairs end 



I,:. ^ 

Fig. 63. — Friedlander’s pneumobacillus showing the capsules; blood-agar culture; lixed 
with methyl alcohol and stained with carhol gentian violet (Wherry). 

to end. The diplobacillus arrangement is common in the body. Some strains 
are pleomorphic in culture, showing filaments and other forms, but these 
are not usual. These bacteria are non-motile and non-sporc^-foi-ming. A 
heavy capsule is present on the bacilli in the body and is particularly evi- 
dent in cultures on the richer media such as blood agar or media containing 
sugar. 

A slimy growth is produced on artificial media, and the colonies are 
round, amorphous, raised with a glistening surface and mucoid in consist- 
ency. There is no hemolysis on blood agar. 

The Friedlander bacilli stain readily with the usual aniline dyes, and the 
bacteria are gram-negative. The capsule may be demonstrated in stained 
smears by special methods. 

Plxysiology. — These bacteria are facultative anaerobes whose optimum 
temperature is 37° C. and temperature growth range from 12° to 43° C. 

See the comparative study by Osterman and Rettger: Jour. Bact., 1941, 42:699. 

^ Friedlander: Fortschr. d. Med., 1883, 1:715. 
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Nutritive requirements are exceedingly simple; these microorganisms grow 
luxuriantly upon the ordinary nutrient media and in simple synthetic 
solutions. In the writer’s laboratory representatives of all the types of 
Friedlander’s bacillus have been found to grow well in the presence of an 
ammonium salt and simple carbon compounds such as acetate and, in one 
instance, formate. 

Fermentation reactions are highly variable from strain to strain, but in 
general a number of sugars are fermented. The lactose fermentation is 
variable. Gelatin is not liquefied and indol production is variable. In view 
of the relation of these bacteria to the coliform group it may be noted that 
the methyl red and citrate tests are positive, while the Voges-Proskauer 
test is negative. 

The Friedlander bacilli are killed by exposure to 55° C. for thirty minutes 
but are unusually resistant to drying and are said to survive for a period 
of months. They are of average resistance to the usual germicidal chemicals. 

Variation. — ^These bacteria dissociate as rough and smooth forms. The 
commonly observed colony type is regarded as the smooth form although 
analogous to the “mucoid” phase observed in some other bacteria. As in 
the case of the pneumococcus, the S-R transformation is associated with 
the loss of the capsule and with a loss of immunological type-specificity. 
The smooth form is virulent and the rough form avirulent. 

Classification. — Friedlander’s bacillus is closely related to the coliform 
bacteria, although how closely is uncertain. In the current Bergey classi- 
fication these microorganisms are allocated to the genus Klebsiella, the 
other two in the ioxaily Eschericheae heing Escherichia and Aerobacter, i, e,, 
the coliform bacilli. It is perhaps better for the present not to insist on such 
a close relationship but to regard them as members of the broad genus 
Bacterium. 

Types. — In spite of a number of attempts it has not been possible to 
make use of fermentations or other biochemical reactions in subdividing 
Bad. Jriedldnderi. Through the work of Julianelle,^® however, it has been 
found that these bacteria may be divided into sharply defined immuno- 
logical types. Analogous to the situation in the pneumococci, two types of 
antigen are present. The one, apparently nucleoprotein in nature, is species- 
specific, and the other, a polysaccharide present in the capsule, is type- 
specific. Julianelle has differentiated three serological types, Types A, B and 
C, to which the majority of strains belong, and a Group K for the remainder. 
Type B is immunologically similar to, although not identical with, Type II 
pneumococcus. The relative proportion of these types found in nature is 
indicated by Julianelle’ s^^ study of 80 strains; 42 belonged to Type A, 12 to 
Type B, 7 to Type C and 19 to Group X. The Type A strains were largely 
from human sources and the Type B strains from lower animals. He has 
also reported^® that in Friedlander’ s bacillus pneumonias, Type A was 
found in 64 per cent. Type B in 14 per cent. Type G in 7 per cent, and 
Group X in 15 per cent. 

23 JuHaneUe: Jour. Exp. Med., 1926, 4//.-113, 683, 735. 

24 Ibid., 1930, 52.*539. 

25 Julianelle: Ann. Int. Med., 1941, i5:190. 
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Pathogenicity. — Microorganisms of this group are not infrequently 
found associated with various upper respiratory infections in man, though 
it is likely that in most instances they are secondary invaders. They are 
commonly present in the nasopharynx of persons suffering from chronic 
sinusitis or chronic lung infections such as bronchiectasis. Pneumonia due 
to Friedlander’s bacillus is rare and makes up less than 1 per cent of all 
pneumonias, but the case-fatality rate is high, 90 per cent or more.^® 
Members of this group have also been associated with suppurative condi- 
tions in various parts of the body, such as liver abscess-^ and, rarely, have 
been found to invade the blood stream and give rise to septicemia. 

Friedlander’s bacillus infection may also occur spontaneously in lower 
animals and has been incriminated in a spontaneous respiratory ct)idemic 
in mice, a paralytic disease of moose and metritis of rnares. Experimentally 
the virulence of Julianelle’s types differs; mice are highly susceptil)le to 



Fig. 64. — Colonies of Friedlander’s bacillus on blood agar. Note the largt^ siz(^ and 

mucoid appearance. X 3. 


Types A and B, rabbits and guinea pigs are somewhat more resistant. 
Type C is relatively a virulent. 

Related Bacteria. — Two other bacteria, closely related to Friedlander’s 
bacillus, have been considered by some to be associated with specific infec- 
tions. A bacillus found in a fetid catarrhal condition of the nose known as 
ozena closely resembles Bad, friedlanderi, as does the so-called rhino- 
scleroma bacillus found in the granulomatous lesions of a rare disease of the 
upper respiratory tract termed rhinoscleroma. Julianelle has found that 
the latter microorganism is identical with Type C Friedlander’s bacillus, 
but Bad. ozenae is immunologically distinct from both Bad. friedldnderi 
and the rhinoscleroma bacillus.^® 

2® See the discussion by Hyde and Hyde: Amer. Jour. Med. Sci., 1943, 205:660, 

2*^ Cf. Kinney and Ginsberg: New England Jour. Med., 1943, 225:145. 

28 Morris and Julianelle: Jour. Inf. Dis., 1934, 55:150. 

29 Julianelle: Jour. Bact., 1935, 59:535. 
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THE ENTERIC BACILLI: THE SALMONELLA GROUP 


Family: EnterohcLcteriaceae. Tribe: Salmonellede. Genus: Salmonella. Gram-negative, 
non-spore-forming rods, morphologically similar to Bacterium coli and serologically 
related to the typhoid bacillus. Dextrose is fermented, usually mth gas production; lac- 
tose and sucrose not fermented. Gelatin is not liquefied and indol is not produced. Some 
species pathogenic for man, others for animals. Type species: Salmonella cholerae-suis. 


The first member of this large group was described in 1888 by Gartner/ 
who isolated it from diseased beef responsible for an outbreak of gastro- 
enteritis, and named it Bacillus enteritidis . Similar bacteria have been found 
frequently in foods epidemiologically implicated in outbreaks of food 
poisoning, others are responsible for outbreaks of disease in rats, mice and 
other rodents, others are found in the paratyphoid fevers in man, and still 
others are responsible for certain poultry diseases.^ These bacteria are 
parasitic and, although widely distributed in nature, do not maintain a 
saprophytic existence. 

Morphology and Staining. — These bacilli are gram-negative rods 
closely resembling and indistinguishable from the coliform bacteria. They 
stain readily with the usual dyes such as methylene blue and carbol fuchsin. 
No particular arrangement of the cells is apparent on microscopic examina- 
tion. All species except S. pullorum and S', gallinarum are actively motile by 
means of peritrichous flagella. No capsules are apparent and spores are not 
formed. 

Physiology. — The bacteria of this group have simple nutritional require- 
ments, growing readily on the usual nutrient media. In synthetic media 
an ammonium salt and glucose, pyruvate, lactate, etc. are adequate sources 
of nitrogen and carbon, and none of the bacterial vitamins is required. 
The optimum temperature is 37° C. but growth occurs at a reasonable rate 
at room temperature. They are facultative anaerobes, growing equally well 
under either aerobic or anaerobic conditions, and some species develop 
relatively strong reducing intensities (p. 85). 

The group is characterized biochemically by failure to ferment lactose or 
salicin, and inability to liquefy gelatin or produce indol. There are a very 
few exceptions to the two last; S. easthourne and some strains of S. enterit- 
idis and S. panama produce indol, and dar-es-salaam liquefies gelatin. 
The evolution of gas commonly accompanies the fermentation of sugars 
though anaerogenic strains of S. enteritidis, S, typhi-murium and 
paratyphi C have been reported. 

In the past considerable significance has been attached to the differential 

^ Gartner: Korresp. d. allg. artzl. Vereins von Thiiringen, 1888, i7:2^3. 

2 For a comprehensive discussion of these bacteria see Kauffmann: The Bacteriology 
of the Salmonella Group. Mianksgaard. Copenhagen. 1941. 
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biochemical reactions of these bacilli and they have been separated on this 
basis. In recent years, however, the antigenic structure of these bacteria 
has been emphasized and antigenic analysis has been carried further with 
this group than with any other bacteria. The differential value of sugar 
fermentations and other biochemical reactions remains of primary impor- 
tance nevertheless. The biochemical reactions of some of the more fre- 
quently encountered Salmonella species are given in the accompanying 
table (p. 371). 

Toxins. — No soluble toxin is formed by the bacteria of the Salmonella 
group, but, as is the case of many other bacteria, their cell substance is 
toxic upon parenteral inoculation. This toxic quality of two species, S. 
enteritidis and»S. aertrycke, has been investigated and found to be a property 
of contained gluco-lipoids (p. 251 and p. 398) which have immunological 
individuality (somatic antigens) and hence are, in a sense, specific. Pharma- 


umiii 

m 






Fig. 65. — Colonies of Salmonella typhi'-murium (aertrycke) on nutrient agar. Twenty- 

four-hour culture. X 3. 


cologically, however, they are not specific, and their activity does not differ 
to a marked degree from that of the cell substance of other bacteria.® 

The Immunological Differentiation of Salmonella Bacilli. — The 
techniques of antigenic analysis have been developed through the efforts 
of White^ in the study of the Salmonella group, and the antigenic composi- 
tion of bacteria of this group is, perhaps, better known than that of any 
other bacteria. Many members of the group are immunologically complex ; 
whether because they are innately so or because they are better known in 
this respect than most other bacteria is difficult to say. 

Flagellar and Somatic Antigens. — Two types of antigens are present 
in the bacteria of the Salmonella group, one associated with the cell sub- 
stance and the other with the flagella. Early noted by Smith and Reagh,® 

^ See Cameron, Delafield and Wilson: Jour. Path. Bact., 1940, :223- 

^ White: Med. Res. Council Spec. Kept. Series No. 103, 1926. 

5 Smith and Reagh: Jour. Med- Res., 1903, iO:S9. 
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the first was termed somatic antigen and the second flagellar antigen. These 
types were later observed by Weil and Felix,® who designated them O and 
H antigens respectively (p. 269). TheO antigens are arbitrarily designated 
by Roman numerals. Two species of Salmonella also contain Vi antigen 
(p. 399), S. paratyphi C and ballerup; this antigen is heat-stable and in 
this and certain other respects appears to be closely related to the O 
antigens. 

These two types of antigen, each of which may be, and frequently is, 
represented in a single bacterial strain by more than one component, differ 
from one another in several respects. The flagellar antigen is the more 
unstable and is destroyed by boiling and by exposure to alcohol or weak 
acid; somatic antigen, on the other hand, is stable to boiling, alcohol and 
acid. Cultures on phenol agar (0.1 per cent) of bacteria normally containing 
both H and O antigens are found to contain only O antigen, the formation 
of flagellar antigen having been suppressed; H antigen reappears imme- 
diately on cultivation on nutrient agar. In the agglutination reaction, 
bacteria lacking flagellar antigen are characteristically clumped in a 
finely granular precipitate (O agglutination), while bacteria containing 
flagellar antigen are agglutinated in a coarse, flocculent precipitate (H 
agglutination) . 

The H and 0 agglutinin titer of an antiserum may be determined by the 
use of H and 0 antigens in the agglutination test. H antigen is commonly 
prepared by adding an equal volume of formol (0.6 per cent formalin) 
saline to an eighteen- to twenty-four-hour broth culture. In the preparation 
of somatic antigen the flagellar component is destroyed by treatment with 
alcohol ; the growth from an eighteen- to twenty-four-hour agar slant culture 
is emulsified in 1 to 2 cc. of absolute alcohol, heated at 60° C. for one hour, 
centrifuged and the sediment suspended in 0.5 to 1 cc. saline. It may be 
used for slide agglutination or appropriately diluted for macroscopic agglu- 
tinin titrations. 

These two types of antigen are immunologically independent, and the 
immunization of an animal with a microorganism containing both results 
in the production of antibodies to both. There is, however, a marked dif- 
ference in titer, for the 0 antibody titer is generally much lower than that 
of the H antibody; in the writer’s laboratory antisera having H titers of 
1:20,000 to 1:50,000 have shown O titers of 1:2000 or less. 

Specific and Non-specific Flagellar Antigens . — ^The flagellar antigen is, in 
turn, of dual nature. One kind, designated as specific flagellar antigen, is 
individualistic and contributes in no small part to the immunological 
identity of a given Salmonella species. The other, termed non-specific fla- 
gellar antigen, is made up of a limited number of components which are 
frequently shared by the various Salmonellas and hence contribute to the 
immunological relationship between the species of these bacteria. The 
specific flagellar antigens are arbitrarily designated by lower case letters 
(the choice was unfortunate since the more recently discovered antigens 
are designated zi, Z 2 , za, etc.), and the non-specific ones by Arabic 
numerals. 

® Weil and Felix: Ztschr. f. Immunitatsforsch., 1920, 29:24. 
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THE SA.LIVIONELIA TYPES (SPECIES) 


IminuiK^logic Types 


Antigcni(‘, K ornuilae'* 

AiUtigiais 

Somatic Antigens 

Flagi'illar 

Group 

Species 

Phase 1 

Phase 2 

A 

S, paratyphi A 

(1), IT, XII 

a 



S. paratyphi B 

(I), IV, (V) 


b 

(U 2) 


S. abony 

(I), IV, V 


b 

a, n, x 


S. typhl-'marium 

(I), IV, (V) 


(i) 

1, 2, 


S. Stanley 

IV, V 


(I 

1,2 


S. heide.lberg 

IV, V 


r 

1, 2, 


S. Chester 

IV, (V) 


i\ h 

e, n, X 


S. san diego 

IV, (V) 


li 

n, zif, 


S. salinalis 

IV 


d, c, h 

d, (\ n, 


S. saint paul 

I, IV, V 


h 

1 , 2, :5, 


S. Zagreb 

IV, V 


e, h 

1, 2 


S. reading 

IV 


h 

1 , 5 


S. kaposvar 

IV, V 


(h) 

1, r> 


S. koeln 

IV, V 


y 

1 2 

B 

S. kaapstad 

IV 

[xii 

c, h 

1, 7 


S. derby 

(I), IV 


■f, K 



S. essen 

IV 


g, ru 



S. budapest 

I, IV 


g, t 



S. California 

IV 


g, in, t 



S. brandenhiirg 

IV 


1, V 

e, n, zift 


S. bispebjerg 

I, IV 


a 

e, n, X 


S. abortus eqai 

IV 



n, X 


S. arechavaleta 

IV, (V) 


a 

I, 7 


S. abortus ovis 

IV 


c 

1, 6 


S. altendorf 

IV 


c 

1, 7 


S. abortus bovis 

(I), IV, XXVII 


b 

<?, n, X 


S. hredeney 

I, IV, (XXVII) 


1, V 

I, 7 


S. schleissheim 

IV, XXVII 


b, zia 



S. paratyphi C 

VI, VII, (Vi) 

V 

I, 5 


S. choleraesuis 

VI, VII 

((0 

1, 5 


S. typhi-suis 

VI, VXl 

((0 

1, 5 


jS. thompson 

VI, VII 

(k) 

I, 5 


S. montevideo 

VI, VII 

g, ni, s 



jS. oranienburg 

VI, VII 

in, t 



S. Virchow 

VL VII 

r 

L 2, 3 


S. Oslo 

vr. VII 

a 

o, n, X 

C 1 

S. amersjoort 

VI, VII 

<I 

ri, X 

J- 

S. braenderup 

VI, VII 

e, h 

0 , n, xif, 


S. potsdam 

VI, VII 

1, V 

e, n, Xu 


S. hare illy 

VI, VII 

y 

1, 5 


S. hart ford 

VI, VII 

y 

e, n, X 


S. mikawashima 

VI, VII 

y 

(% n, Xu 


S. lennessee 

VI, VII 




S. inf antis 

VI, VII 

r 

1, 5 


S, concord 

VI, VII 

L V 

1, 2, 3 


S. georgia 

VI, VII 

b 

c, n, Zi6 


* Naturally occurring diagnostic formulae; experimental phase alterations not taken 
into account. 


Legend: ( ) — antigen may be absent; [ ] — incomplete antigen. 
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Antigenic Forniiilae* 







! 


Flagellar 

Antigens 


L,^ 1 * K i * ■ 




j 




(rroup 

I Species 



Phase 1 

Phase 2 


S. newport 

VI, VIII 

(e, h) 

1, 2, 3 


S. koithus 

VI, VIII 

e, h 

1, 5 


S, muenchen 

VI, VIII 

d 

1, 2 


S, mexicana 

VI, VIII 

d 

1. 2, 1 


S. pueris 

VI, VIII 

e, h 

1, 2 


S. Oregon 

VI yjjj 

d 

1, 2. 3 

G-2 

S. manhattan 

VI, VIII 

d 

1, 5 


S. litchfield 

VI, VIII 

1, V 

1, 2, 3 


S, morbificans bovis 

VI, VIII 

r 

I, 5 


S. narashino 

VI, VIII 

a 

e, n, X 


S. bonariensis 

VI, VIII 

i 

e, n, X 


S. glostrup 

VI, VIII 

Xio 

e, n, zu, 


S. duesseldorf 

VI, VIII 

Za, Z-J4 



S. typhi 

IX, (Vi) 


d 



S. enteritidis 

(I), IX 


g, m 



S. dublin 

I, IX 


g' P 



S. r os took 

I, IX 


g, P, u 



S. moscow 

IX 


g. q 



S. hlegdam 

IX 


g. na, q 



S. berta 

IX 


I? g» t 



S. sendai 

(I), IX 


a 

1, 5 

D 

S. loma-linda 

IX 

XII 

a 

e, n, X 


S. durban 

IX 


a 

e, n, 2 15 


S. onarimon 

I, IX 


b 

1, 2 


S. eastbourne 

(I), IX 


e, h 

1, 5 


S. panama 

I, IX 


1, V 

1 1, 5 


S. dar-es-salaam 

I, IX 


1, w 

e, n 


S. goeitingen 

IX 


1, V 

e, n, zi6 


S. javiana 

(IX IX 


b 228 

1, 5 


S. gallinarum 

IX 





S. london (E II) 

III, X, XXVI 1 

1, V 

1, 6 


give 

III, X, XXVI 

1, V 

1, 7 


S. Uganda 

III, X, XXVI 

b Zi3 

1, 5 


S. anatiim 

III, X, XXVI 

e, h 

1, 6 


S. muensier 

III, X, XXVI 

e, h 

1, 5 


S. nyborg 

[III, X, XXVI] 

e, h 

1, 7 

E-1 

S. vejle 

III, X, XXVI 

e, h 

1, 2, 3 


S. maleagridis 

[III, X, XXVI] 

e, h 

1, w 


S. shangani 

III, X, XXVI 

d 

1, 5 


iS. Zanzibar 

[III, X, XXVI] 

k 

1, 5 


S. amager 

III, X, XXVI 

y 

1, 2, 3 


S. lexington 

[III, X, XXVI] 

ZlO 

I, 5 


S. weltevreden 

III, X, XXVI 

r 

26 


S. newington 

III, XV 

e, h 

1, 6 

E~2 

S. selundia 

III, XV 

e, h 

1, 7 


S. new hrunswick 

III, XV 

b V 

1 ^ 


S. Illinois 

[III], [XV], XXXIV 

2l0 

1, 5 


S. senftenberg 

I, III, XIX 

g, s, t 


E-3 

S. niloese 

I, III, XIX 

d 

26 


S. simshury 

I, III, XIX 

227 



S. taksony 

I, III, XIX 

i 

26 
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Imrimnolo^^ic Types 

Aiilip^,(‘nio F oriniilae’*' 

Aiitip?(‘ns 

Souiatic Antigens 

Fla#;<‘llar 

Group 

Spoecies 

Phase 1 

Phjiso 2 


Jieves 

VI, Xtv, XXIV 

(1 

I, r> 


S. carrau 

VI, XIV, XXIV 

y 

1 7 


S. onderstepoort 

fT], VI, XIV, XXV 

e, [h] 

1, r> 


S. Jlorida 

[If, VI, XIV, XXV 

(1 

1 T 


S. madelia 

[I], VI, XIV, XXV 

y 

1 T 


S. anihersliana 

[VIII] 

t [v] 

1, 6 


S. kentacky 

[VlII], XX 

i 



S. aherdeen 

XT 

i 

I, 3, 3 


S. rub is lav 

XI 

r 

X 


S. Pretoria 

XI 

k 

1, 2, 3 


S. salt 

XI 

y 

1, r, 


S. qrampensis 

XIIT, XXII 

(] 

1 ^ 7 


S. poona 

XIIT, XXII 

7 , 

U 6 

F 

S. borbeck 

XIII, XXII 

1, V 

1, 6 


S. mississippi 

I, Xllt, XXITI 

I) 

1. .') 


S. wichita 

I, XIII, XXII I 

(1 



S. havana 

1, XIII, XXIII 

r, 



S. Worthington 

I, XIII, XXIII 

1, w 

/. 


S. hviitingfoss 

XVI 

b 

n, X 


S. ganiinara 

XVI 

(1 

I, 7 


S. szenles 

XVI 

k 

1 , 2, 3 


S. kirkee 

XVII 

b 

1, 2 


S. cerro 

XVTII 

'/‘‘Z'A. 



S. minne.sota 

XXI, XXVI 

b 

c, n, X 


S. tel aviv 

XXVIII 

>' 

e, ri, /ir, 


S. ballerup 

XX IX, (Vi) 




S. xxrbana 

XXX 

h 

II, X 


The antibodies to these antigens behave indepcndenlly ; in tlic; pr(\s(ni(‘e 
of homologous H and O antibodies healed antigen agglutinates in the 
characteristic fine granular form, while with unheated bacalli (ioars(‘ Ihxv 
culation occurs, mixed, within the range of the 0 anUixxly titer, with the 
granular clumps. The antibodies may be selectively absorlxxl by appro- 
priate antigens, and such absorbed sera are sornolimes designat(xl mono-- 
specific sera. By the absorption technique using homologous, lu'tcuologous 
or treated antigens, the antigenic components of the bacterial (K^ll may be 
determined, and through manipulations of this kind, termed anllgenic 
analysis (p. 268), White, ^ Kauffmatin^ and others have ehutidaleci the 
complex antigenic structure and interrelationships of tlie bacteria of the 
Salmonella group. 

Antigenic Formulae . — By identifying these antigenic components it be- 
comes possible to write a formula that describes the immunological char- 
acter of a given species or strain. Such formulae for antigenic structures 
are commonly used and are illustrated in the accompanying table. 

^ Cf. Kauffmann: Ztschr. f. Hy^?. u. Infektionskr., 19.37, iW:l77. 
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Classification. — While the bacteria given the common generic name 
Salmonella are obviously closely related to the other members of the enteric 
group, the interrelationships of the varieties or types of these bacilli to one 
another is not altogether clear. As indicated above, prior to the emphasis 
upon immunological character which has been marked since the 1920’s, 
bacteria of this group were separated from one another on the basis of 
physiological characters. In the more commonly occurring varieties, at 
least, there is a marked association between biochemical properties and 
immunological constitution. It would seem neither justified nor desirable 
to subordinate completely the physiology of these bacteria to their antigenic 
character. 

However this may be, the extent to which antigenic composition should 
be allowed to determine Salmonella species is open to question. At first it 
was customary to consider a new immunologic type as a new species, and 
many of these were given place names. As a consequence a great number 
of species have been described and continue to be, at the rate of several 
every year, and at the present time the situation has become absurd. 
Simplification is obviously essential, but what form it will take is as yet 
not clear. 

Variation. — Possibly because the antigenic structure of the Salmonella 
group is known in considerable detail, two general types of variation may 
be differentiated. One of these is a type of fluctuating, completely reversible 
immunological variation known as phase variation, and the other the S-R 
dissociation known to occur in practically all bacteria. 

Phase Variation. — The H antigens of certain Salmonella types can be 
separated into relatively stable components. This was first demonstrated 
by Andrewes® and may be shown very simply by plating out such a type 
and carrying out slide agglutination of individual colonies with monospecific 
antiserum. About half the colonies will be found to contain one kind of 
antigen and about half the other. Apparently the individual bacterial cells 
do not contain both kinds of H antigen but are of two kinds in this respect.® 
This immunologic character breeds true to only a limited extent, for if a 
colony is picked and subcultured in broth, platings of successive broth 
cultures will show a rapid reversion to the 50 : 50 ratio within a very few 
transfers. This type of immunological variation is called phase variation 
and the transitory immunological types were originally called the specific 
phase, i. e., that characterized by the presence of specific flagellar antigens, 
and the non-specific phase, i. e., that in which the non-specific antigens 
occurred. This division is not as sharp as once thought, however, and now 
these phases are commonly referred to as phase i and phase 2 respectively. 

The Salmonella types that exist in two immunological phases are termed 
diphasic, while those that exist in only one phase, which may be either 
phase 1 or phase 2, are called monophasic. There is reason to believe that 
the monophasic types are potentially diphasic, and possibly they are degen- 
erated diphasic forms, for it has been shown^® that aS. paratyphi A, a mono- 

8 Andrewes: Joxir. Path. Bact., 1922, 25.-505. 

3 C/. the studies of Archer: Jour. Roy. Army Med. Corps, 1941, 77:188. 

Bruner and Edwards: Jour. Bact., 1941, 42:467. 
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phasic type stable in phase 1, can be induced to form phase 2 antigens by 
cultivation in antiserum specific to the phase 1 antigens. Conversely, 
diphasic types can be stabilized in one phase by cultivation in the i)resence 
of antiserum to the antigens of the other phase. Phase variation does not 
occur, of course, in S. pullorum which is non-motile and contains no 
flagellar antigen. 

Phase variation is somewhat more complex than this, however, and 
three types have been described. The first is the specific-non-specific phase 
variation of Andrewes® in which a specific antigen ordinarily occurring in 
phase 1 is linked with the non-specific antigens of phase 2, The second is 
the so-called a-jS phase variation described by Kaufirnann and Mitsui^^ 
in which an antigen occurring in phase 1 is linked with the antigens e, n, +, 
in phase 2. Five types of a-/3 phase variation have been reported by Ed- 
wards and Bruner^^. Lastly, there is a type of phase variation which has 
not been named in which the antigens of both phases are commonly found 
in phase 

It is not clear whether this type of immunological variation occurs gen- 
erally with respect to the somatic antigens. A similar variation does occur, 
however. Kauffmann^^ has found that of the three components of XII, 
designated XIIi, XII 2 , and XIIs, XII 2 varies in that it is cither strongly 
or weakly developed. Antigen VI is likewise subdivided into VI x and VI 2 
but similar variation in these components has not as yet been report, ( hI. 

It is to be emphasized that the immunological changes associated with 
phase variation are, so far as is known, normal, the bacterial strain seem- 
ingly existing in a sort of immunological equilibrium. These variations and 
the complete but temporary loss of flagellar antigcTi by cultivation on 
phenol agar noted above apparently bear no relation to the S-B dissociation 
though, as indicated earlier, they may be induced by a method which will 
induce dissociation, i.e., cultivation in specific antiserum. The phylo- 
genetic implications of the pattern of distribution of antigens within the 
Salmonella group and of phase variation have been discussed by Wbite,^ 
Bruner and Edwards,^® and Kauffmann^® but cannot be considered here. 

Dissociation. — S-R dissociation, similar in all respects to that known in 
other bacteria, occurs in cultures of these bacilli. The dissociation from 
smooth to rough is manifested as an alteration in colonial morphology and 
loss of virulence. The change is reflected immunologically as a loss of 
specificity of the somatic antigens, i.e., the rough forms remain motile. 
The specificity of these antigens is apparently determined by a polysac- 
charide haptene, and with the disappearance of the haptene the bacteria 
acquire a new and common immunologic character in the somatic antigens, 
while the flagellar antigens remain unchanged. A mucoid or M phase in 
colonial morphology has been reported by some workers which is said to 
be associated with the development of a new immunological specificity. 

“ Bruner and Edwards: Kentucky Agr. Expt. Station Bull., 1940, 404:289. 

Kauffmann and Mitsui: Ztschr. f. Hyg. u. Infektionskr., 1930, H 1:740. 

Edwards and Bruner: Jour. Inf. Dis., 1941, 69:220. 

1 ^ Edwards and Bruner: Jour. Hyg., 1938, 55:716. 

1 ® Kauffmann: Jour. Bact., 1941, 4f:127. 
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Bacteriological Diagnosis of Salmonella Infection. — The dijETeren- 
tiation of the paratyphoid fevers from typhoid fever and the determination 
of the etiology of gastro-enteritis caused by Salmonella is necessarily de- 
pendent on the isolation and identification of the causative microorganism d® 
For isolation both enrichment culture and direct plating should be used; 
enrichment broth and differential selective agar plates should be inocu- 
lated simultaneously and, if the latter are negative, fresh plates can he 
inoculated from the enrichment culture. It is commonly observed that no 
single agsu* medium suffices, for with very few bacteria cultures may he 
isolated on one medium but not the others; at least two, and better three, 
kinds of differential agar should be used. 

DIFFERENTIAL REACTIONS OF SALMONELLA SPECIES 


Species 


S', paratyphi A 

5. paratyphi B 

Suipestifer group: 

Para C (Hirschfeld) 

Kunzendorf (European) . 
Cholerae-suis (American) 
5. typhi-murium (aertrycke) 
S. enteritidis 

* Usually delayed. 
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Two enrichment media are commonly used. Selenite-F broth contains 
0.4 per cent sodium acid selenite, which is toxic for all gram-negative 
bacteria but is detoxified sufficiently in the presence of 1 per cent sodium 
phosphate to permit rapid growth of enteric pathogens while temporarily 
(eight to twelve hours) inhibiting BacL coli. Tetrathionate broth contains 
thiosulfate, tetrathionate and iodide, the tetrathionate being formed by 
oxidation of the thiosulfate with iodine. The differential selective agars 
used contain lactose and an indicator (often neutral red) together with bile 
or bile salts. Of these the most commonly used are desoxycholate-citrate 
agar (D-C), Shigella-Salmonella agar (S-S), and MacConkey agar. The 
bismuth-sulfite medium of Wilson and Blair and eosine-methylene blue 
agar (EMB) are more useful for typhoid and dysentery bacilli respectively 
but are often inoculated also. On the first three the non-lactose-fermenting 
bacteria form colorless opaque or translucent colonies which are readily 
differentiated from the red colonies of the lactose-fermenters. 

Typical colonies are picked and subcultured in dextrose, lactose and 
sucrose sugar broths, tryptophane broth, litmus milk and buffered peptone 
water (for the Voges-Proskauer test), and gram-stained smears are exam- 
ined. Positive lactose (and/or sucrose) fermentation, positive Voges- 
Proskauer test, or the formation of indol excludes Salmonella. Litmus milk 
should become alkaline in four to seven days. Lactose broth cultures should 
Isolation procedures are discussed in some detail by Littman: War Med., 1943, 4:31 
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be retained for not less than two weeks to eliminate slow lactose fermen- 
tation. Morphologically typical bacilli giving characteristic reactions in 
these media may be provisionally identified as pathogenic enteric bacilli. 
Biochemical differentiation may be carried further with additional sugar 
broths, tests for gelatin liquefaction, hydrogen sulfide formation, and the 
use of special media such as double sugar agar, tartrate medium, etc. 

Salmonella Typing . — With the definition of Salmonella types as immuno- 
logical types, complete identification requires the demonstration of at least 
part of the antigenic structure of the unknown bacterium. This is readily 
accomplished by slide agglutination with monospecific antisera. If the sero- 
logical identification includes the rare types, a very cotisiderable number of 
antisera are required. According to Bornstein,^^ however, more than 95 
per cent of the strains encountered in this country can be identified with 
relatively few antisera. These include six 0 antisera: IT; IV, V; VI, VII; 
VI, VIII; IX; in, X, XXVI; eleven monospecific 11 antisera: a; b; i; e, h; 
f, g; m, t; y; g, m, s; d; 1, v; 1, 2; and a Vi antiserum. The dilution of the 
antiserum used in slide agglutination depends upon its titer; in the writer’s 
laboratory 1/100 of the macroscopic titer gives rapid and reliable slide 
agglutination. Salmonella typing has very considerable epidemiological 
value and is becoming more and more generally used. 

Ecology. — The distribution of Salmonella types in man and higher ani- 
mals has been a matter of considerable interest in recent years with the 
more general application of serological typing. Aside from S. paratyphi A, 
which appears to be almost exclusively a human pathogen, and S. para- 
typhi By which is found only occasionally in animals, these bacteria have 
been regarded as primarily parasites of birds and others animals; some, 
such as S. pulloram, produce a characteristic symptom complex. It has 
become increasingly clear, however, that very many of the Salmonella 
types are found in man associated with pathological conditions, and it seems 
probable that transmission from animals to man and fiom man to man 
occurs with some frequency. Edwards and Bruner^® have reported that of 
2520 cultures of Salmonella (exclusive of *S. pulloram and S. gallinarum) , 
1258 were isolated from fowls, 532 from man, 475 from swine, 90 from 
rodents, 88 from carnivores, 53 from horses, and 20 from rumiTiants. The 
cultures from human sources included 4d types of Salmonella; of those 
occurring more frequently 132 were S. paratyphi B, 60 were typhi- 
murium, 53 were S. newport, 37 were S. newinglony 28 were S. cholerae-suis 
var. Kunzendorf, 27 were S. panama and 24 were S. montevideo. If these 
results are in any way representative, as is highly probable, it is apparent 
that the Salmonella types are widely distributed in man as well as in 
animals. 

Pathogenicity for Man. — Two main types of Salmonella infection in 
man may be distinguished. These are the slow continued fevers of the 
typhoid type, i.e.y the paratyphoid fevers, and the sudden, usually tran- 
sient, stormy gastro-intestinal disturbances of the food poisoning type. In 
addition to these a wide variety of clinical diseases is occasionally associ- 

Bomstein: Jour. Bact., 1942, 44:719. 

18 Edwards and Bruner: Jour. Inf. Dis., 1943, 72:58. 
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ated with Salmonella^ infection, including a generalized invasion with bac- 
teremia, bone infections and other localized infections, infections of the 
central nervous system and the like. The healthy carrier state in man ap- 
pears to he considerably more common than has been thought and carrier 
transmission of infection undoubtedly occurs. Of 474 cultures isolated from 
human sources by Edwards and Bruner, 225 were isolated from fecal 
specimens from cases of gastro-enteritis, 123 from the feces of healthy 
carriers, 86 from the feces in enteric fever and 40 by blood culture. In this 
series there were 12 known fatalities, 3 in the cases of gastro-enteritis 



WEEKS 

Fig. 66. — The persistence of Salmonella infection as indicated by positive fecal cul- 
tures by weeks. Data on 203 cases of iS. paratyphi B infection and 239 cases of S. iyphi- 
murium infection by Rubenstein, Feemster and Smith: Amer. Jour. Pub. Health, 1944, 
54:841. 

and 9 in those from whom positive blood cultures were obtained. Of the 
Salmonella types only the more important can be considered here. 

The Paratyphoid Fevers. — Achard and Bensaude^^ in 1896 isolated a 
bacillus from human tissues during convalescence from a typhoid-like dis- 
ease that resembled the typhoid bacillus but differed from it in important 
particulars. Later Gwyn^® reported a case which apparently presented all 
the clinical symptoms of typhoid fever in which a bacillus closely related 
to S, enteritidis was isolated from the blood. Since that time a number of 
investigators in different parts of the world have isolated similar bacteria 

Achard and Bensaude: Soc. med. des Hop. de Paris, 1896, 3d S., 13:679. 

20 Gwyn: Bull. Johns Hopkins Hosp., 1898, 9.*54. 
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from the blood of patients suffering from a disease that, so far as clinical 
symptoms are concerned, is substantially identical with typhoid fever. 

Many cases of paratyphoid infection show a tendency to run a relatively 
mild course and are marked by a sudden onset with chills, but are other- 
wise very similar to infections with the typhoid bacillus. A certain propor- 
tion of the negative agglutination tests in apparent typhoid fever are 
probably a result of paratyphoid infection. The only method by which 
typhoid and paratyphoid fever can be distitiguished is isolation and 
identification of the causal microorganism. 

Many scattered cases of paratyphoid fever have been observed, and a 
number of more or less extensive epidemics have been reported as due to 
milk and other foods, to contact with human carriers, to sewage-polluted 
water and similar factors. In general, the mode of dissemination of para- 
typhoid fever is practically identical with that of typhoid fever (p. 405). 

The frequency of the paratyphoid fevers as compared with typhoid fever 
varies a good deal in different localities, but most hospital records give a 
ratio of less than 1:10. In some regions the proportion of paratyphoid to 
typhoid may be as high as 1:4 or even more. During the first World War 
the proportion of paratyphoid to typhoid reached a high point. In the 
British armies in France during the years 1915-18, the diagnosed para- 
typhoid fevers outnumbered the typhoid cases 2:1. In civiliati populations 
in most countries paratyphoid fevers probably amount to 5 or 10 up to 50 
per cent or more of all fully diagnosed enteric cases. 

Three different species have been commonly recognized as the cause of 
paratyphoid fever: S. paratyphi A, S. paratyphi B and S. paratyphi C. It 
may be noted that a mixed vaccine is commonly used in the prophylactic 
inoculation against typhoid fever which includes not only typhoid bacilli 
but pam A and paraB bacilli also (p. 409) ; para C is not ordinarily included. 

Salmonella Paratyphi A (Bacillus paratyphosus A, Bacterium paraty- 
phosum A, Salmonella paratyphi). — This bacterium differs culturally from 
most of the other Salmonella species in its inability to ferment xylose, and 
it is, in addition, serologically distinct. Some outbreaks due to this micro- 
organism have been traced to sewage-contaminated water supplies, others 
to food contaminated through the agency of human carriers. Paratyphoid 
fever due to S. paratyphi A is often very mild, 300 cases occurring in a 
United States infantry regiment without a single death.^^ 

Salmonella Paratyphi B (Bacillus paratyphosus B, Bacterium para- 
typhosum B, Salmonella schottmiXlleri) . — Paratyphi B is readily differenti- 
ated from paratyphi A, but has confusing cultural and serological relations 
with certain Salmonella strains of the food poisoning types. As with the 
preceding species, the sources and modes of transmission are similar to 
those of typhoid fever. The source of the bacteria is generally the human 
carrier, but it has been recently reported that dogs^^ have been found 

Jordan: Jour. Prev. Med., 1929, 5:279. 

“ Krumwiede: Jour. Inf. Dis., 1917, 2i:141. 

Gaspersen: Norsk Mag. f. Laegevidenskapen., 1937, 98 , Forh. Norske Med. Selskab, 
138; Ztschr. f. Hyg. u. Infektionskr., 1938, ^5(?:6ll; Magnusson: Ztschr. f. Hyg. u. 
Infektionskr., 1938; 
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responsible for small epidemics and in another instance a cow^^ was respon- 
sible for cases of the disease. In the northern United States and in northern 
Europe infection with this species seems considerably more frequent than 
with S. paratyphi A, 

Salmonella Paratyphi C (S, hirschfeldii) , — S. paratyphi C has been 
found in enteric fevers in parts of Asia, Africa and southeastern Europe 
and has been reported as an important cause of illness and death in British 
Guiana. Cases of endocarditis have been found to be caused by this and 
other suipestifer species.^® Although the type of disease is similar to the 
other enteric or intestinal forms, little is known about its epidemiology. 
This species is closely related biologically to the hog cholera or cholerae-suis 
strains elsewhere described. 

Other species or ‘Types” have been occasionally found: S. barielly, iso- 
lated from cases of mild pyrexia in India; 5'. enteritidis var. moscow, isolated 
from cases of paratyphoid fever in Russia and described by Russian bac- 
teriologists as “Paratyphus N 2 ”; jS, sendai, isolated from cases of para- 
typhoid fever in Japan; and S. easthourne, from a paratyphoid case at 
Eastbourne, England. In this country S, typhi-murium, S. saint paul, S. 
oranienburg, S. hartford, S. sendai, S, panama and others have been found 
associated with enteric fevers. 

Paratyphoid Castro- enteritis. — The symptoms of this type of disease 
are quite different from those in paratyphoid fever and comprise a more 
or less 'Violent gastro-intestinal disttirbance with vomiting, diarrhea, a 
slight rise in temperatme and usually a rapid recovery. The attack may 
rarely pass into a septicemic infection. The descriptions of indigenous 
cholera or “cholera nostras” in earher medical writings suggest this form 
of illness. Outbreaks of gastro-enteritis have been usually reported in 
connection with the consumption of particular articles of food and are com- 
monly referred to as “food poisoning.” Food-borne infection of this type 
has been discussed elsewhere (p. 243) and need not be considered further 
here. Several species of bacteria are known to be concerned. 

Salmonella Typhi-mnrium {Salmonella aertrycke. Bacterium aertrycke. 
Bacterium typhi-murium) . — ^This bacterium, most commonly isolated in 
food poisoning outbreaks in the United States^^ and in Great Britain,^® 
closely resembles jS. paratyphi B in its cultural characteristics but can be 
distinguished by its ability to produce acid in tartrate medium. Before 
differential tests were satisfactorily worked out, S. paratyphi B and S. 
typhi’-murium were commonly confused and both termed “para B.” S. typhi- 
murium is commonly found in a variety of infections in laboratory and 
domestic animals and in birds; and the “B. pestis caviae*' of some writers 
and Nocard’s “B. psittacosis'' are, in fact, typhi-murium. Most of the lab- 
oratory stock cultures labeled “Danyz virus” or “bacillus of mouse ty- 
phoid” are of the typhi-murium type, but some are ^S. enteritidis. 

Salmonella Enteritidis {Bacterium enteritidis). — Although found fre- 
quently in food-poisoning outbreaks, this bacterium is less common than 

Rosgen and Schultze-Galiinen: Deut. med. Wchnschr., 1939, 6’5;1514. 

Forster: Amer. Jour. Med. Sci., 1939, ^97r234; Read: Jour. Inf. Dis., 1939, 65:263. 

2 ® Savage and White: Med. Res. Council Spec. Rept. Ser. No. 92, 1925. 
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S. typhi-murium. It closely resembles >S. typhi-murium culturally, but is said 
by some to differ in that it does not ferment inositc while typhi-muriam 
does. The inosite fermentation is, however, frequeiiUy not, i*J<iar~cut; a 
lowering of pH may be noted but sometimes not to a suflic'.ient flegree to 
warrant calling the fermentation positive. In the writer's experience, the 
inosite fermentation is variable in both species. The (wo may be readily 
separated by serological means. . 

Salmonella Cbolerae-Suis (Bacleriiim suipestlfer. Bacterium cholerae- 
sals, the Hog Cholera Bacillus, American Snipes lifer).- — This Salmon ella is 
a member of a group of closely related bacteria, called the ,s‘iii/}eslifer group, 
which also contains jS. paratyphi C or Eastern typ(^, as noted above, S, 
cholerae-suis 'var. Kunzendorf or European type, and the (llasser-Voldagsen 
type, which is comprised of two species, S. typhi-sais' and S, typhi-^miis var. 
Voldagsen. These species may be differentiated from one another by a 
combination of cultural and serological methods. S. cholerae-mis formerly 
predominated in the United States, but recent work^^ iudic.at.es that now 
the Kunzendorf variety is found more often. This sp(i(‘ies has been impli- 
cated in outbreaks of paratyphoid gastroenteritis, although to a mu(‘h lesser 
extent than either S. typhi-murium or S. enter it id la. S, lyphi-.suis appears 
to be purely an animal (pig) pathogen, but several cases of human infection 
with the Kunzendorf variety have occurred in the United States. Accord- 
ing to Eschweiler, Wahlin and Snow^® eighty-six cases of human infection 
with bacteremia have been reported in this counl;ry. 

Other Salmonella species are less commonly implicated in human infec- 
tions. S. thompson and S. newport, both related to the suipestifer group 
immunologically, have been observed a few times and other specues but 
once; in fact, a number of the new Salmonella speci(js desc^ribed in recent 
years have been isolated from food implicated in outbreaks of enter- 
itis. 

The distinction between the “food-poisoning” strains of paratyphoid 
bacilli and the strains that cause slow typhoid-like fever does not seem to 
be a sharp one. In rare instances acute gastro-enteritis has been traced to 
S', paratyphi B, and, while illness caused by the food-poisoning bacilli is 
ordinarily followed by prompt recovery, fatal cases of generalized infection 
with bacteremia sometimes occur. In general, however, S. paratyphi A, 
S, paratyphi B and paratyphi C are found in the continued fevers; 
S.. typhi-murium, S. enteritidis and, more rarely, S. cholerae-suis in acute 
gastro-enteritis. 

Pathogenicity for Lower Animals. — Salmonella infe(vl<ion of rodents 
is quite common; typhi-murium and^S. enteritidis cause infections of rats 
and mice, and these animals may become healthy carriers of the bacilli, a 
point of importance in connection with the epidemiology of food-p<usoning 
outbreaks. Preparations of “rat virus” or “Ratin” consist of these bacteria 
and are supposed to initiate an epidemic of disease in the rat population 
and hence destroy it. The use of such preparations is to be condemned, for 
not all the rats are killed and many of the survivors become healthy car- 

Bruner and Edwards: Amer. Jour. Hyg., 1939, 5d:Sec. B., 75. 

Eschweiler, Wahlin and Snow: Ann. Int. Med., 1944, 20:275. 
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riers; there is, in addition, the danger involved in leaving preparations of 
virulent bacilli about the home. 

Salmonella infection of the horse is also quite common. Infectious abor- 
tion of mares is caused by a specific microorganism, aS. abortus equi^ which 
has not been found in other animals. So far as is known, man is not suscep- 
tible to infection with this bacillus. S. typhi-murium has also occasionally 
been reported in horses. Abortion in sheep has been attributed to a mem- 
ber of the Salmonella group, S, abortus ovis. Salmonella is occasionally ob- 
served in a variety of other animals. 

Birds are quite commonly infected with members of the Salmonella group. 
Epidemics due to S. typhi-murium sometimes cause great destruction among 
canaries and other songbirds. Two barnyard diseases of great economic 
importance are due to specific iSa/moneZ/a types: the bacillary white diar- 
rhea of chicks caused by S. pullorum; and fowl typhoid caused by jS. galli- 
narum (or *S. sanguinarium) . S. pullorum may survive in the ovaries of the 
fowls that recover from infection; diseased chicks may develop from the 
infected ova and communicate the disease to initially healthy members 
of the flock. Two cases of human infection with S. pullorum have been 
reported. 
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THE ENTERIC BACILLI: THE TYPHOID BACILLUS 


Family: JEnterobacteriaceae. Tribe: Salmonelleae. Genus: EherUiella. Parasites. Gram- 
negative, non-spore-formixxg rods. Dextrose fermented with acid production but no gas; 
lactose and sucrose not fermented. Action on other carbohydrates limited and variable. 
Gelatin not liquefied. Indol not produced. Type species: Eberthella typhom. 

The infectious nature of typhoid fever was apparent in 1856 to William 
Budd/ who, on the basis of epidemiological evidence, suggested that the 
disease was transmitted by sewage-contaminated water and that the source 
of the infectious material was human feces. The typhoid bacillus, however, 
was discovered in 1880 by Eberth^ in the mesenteric glands and the spleen 
of persons dying from typhoid fever. In 1884 Gaffky^ siUK;eeded in growing 
Eberth’s bacillus on culture media. Acceptance of this microorganism as 
the etiologic agent of typhoid fever, however, was delayed because typhoid 
fever could not be reproduced in experimental animals. The immunological 
aspects of typhoid fever provided strong ancillary evidence, and, in the 
course of time, Koch’s third postulate has been fulfilled by infections in 
man arising from laboratory accidents. 

Morphology and Staining. — The typhoid bacillus closely resembles 
the other enteric bacteria and exhibits no distinctive morphological char- 
acters. The microorganism is a short, plump rod, ranging, as a rule, from 
1 to 3.5 p in length and from 0.5 to 0.8 p in breadth, in smears from agar 
cultures the shorter forms predominate, while longer bacilli are generally 
observed in liquid media. It may be noted that the typhoid bacilli present 
in the urine of urinary carriers are frequently in the form of long filaments. 
This bacterium is actively motile by peritrichous flagella and generally 
possesses a greater number of flagella (12 to 14) than the colon bacillus 
(6 to 10). Spores are not formed, and the cell inclusions taken by Gaffky 
and others to be spores were probably either vacuoles or metachromatic 
granules. Capsules are not formed. 

Upon agar and gelatin media the colonies of the typhoid bacillus closely 
resemble those of the colon bacillus and are equally variable in appearance. 
The “maple-leaf” appearance, arising from the irregularly notched margins 
and often termed typical, is by no means always seen, and the colonies are 
frequently round, smooth, bluish white, translucent and slightly raised. 
The true typhoid bacillus is never pigmented; although there have been a 
number of reports^ of the isolation of yellow pigment-forming varieties, 

1 Budd: Lancet, 1856, ii:4. 

2 Eberth: Archiv f. path. Anat,, 1881, 5.?;486. 

3 Gaffky: Mitt. a. d. k. Gesund., 1884, 2:372. 

^ Grossmann: Centralbl. f. Bakt., I, Orig., 1933, ^29:508; Castro: Deut. mcd. Wobn- 
schr., 1934, 69:1014; Dresel and Herbert: Arch. Hyg. u. Bakt., 1938, i29:286; Boten- 
buxg: Ztschr. Mikrobiol. Epidemiol- Immunit'atsforsch. (IT. S. S. R.), 1939, No. 5, 61. 
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these are not true typhoid bacilli.^ Typical cultures of the typhoid bacillus 
grow upon the surface of acid potato, but the growth is thin, moist and 
colorless, and forms the so-called ‘‘invisible film” which is strikingly un- 
like the profuse brownish growth of the typical colon bacillus. On pieces of 
potato with an alkaline reaction, the growth is more like that of the colon 
bacillus. No great value as yet attaches to the character of growth on 
potato, for there is wide variation in both the reaction of potatoes and the 
behavior of different strains of bacilli. 

The typhoid bacillus stains easily with the ordinary aniline dyes and is 
readily decolorized by the Gram method. 

Physiology . — Bacterium typhosum is not nutritionally fastidious and 
grows readily upon the usual nutrient (beef extract) agar and gelatin. These 
bacteria may be grown on simple synthetic solutions containing glucose 
and an ammonium salt; some strains appear to require the addition of 



Fig. 67 . — Bacterium typhosum. Smear from a pure culture, Sommersby strain. Note the 
variation in size from coccoid to bacillary forms. Fuchsin; X 1050. 


tryptophane to these solutions,® but it is probable that this amino acid 
functions as a growth stimulant rather than an essential food substance.^ 
The typhoid bacillus is a facultative anaerobe, growing almost as luxuri- 
antly under anaerobic conditions as under aerobic conditions. Some growth 
is apparent at 4® C. and there is no growth beyond 46° C., while the opti- 
mum temperature is 37° C. Like the other intestinal forms, the typhoid 
bacillus grows over a relatively wide pH range, 5.0 to 8.6., with an optimum 
at pH 6.8 to 7.0. 

Gelatin is not liquefied and indol is not formed, but nitrates are reduced 
to nitrites. Hydrogen sulfide is produced. As compared to many of the other 
enteric forms, the typhoid bacillus is a relatively weak fermenter and it 
resembles coli anaerogenes in that acid and no gas is produced; this last 

^ Cruickshauk: Jour. Hyg., 1935, 35:354. 

® Fildes, Gladstone and Ejoight: Brit. Jour. Exp. Path., 1933, ^4:139. 

Burrows: Jour. Inf. Dis., 1939,. 64:145; 1939, 65:134. 
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cliaraoteristic is of practical value in the glucose fermentation in the differ- 
entiation of the typhoid bacillus Salmonella species. The acids produced 
in the fermentation of glucose are lactic acid for the most part, together 
with small amounts of ethyl alcohol, formic and acetic acids and, sometimes, 
succinic acid. Acetylmethylcarbinol is not formed. AJliiough no gas may be 
observed in the fermentation tube, precise measurement has shown that 
carbon dioxide is evolved under aerobic conditions, one mol of carbon 
dioxide being given off for every mol of oxygen taken up.^ Other cultural 
reactions of the typhoid bacillus are summarized elsewhere (p. 371), but, 
in general, carbohydrate fermentations, with the exception of the failure 
to ferment lactose, are not of great differential value. 

The susceptibility of the typhoid bacillus to deleterious inlluenf^es is much 
the same as that of the other enteric bacteria. It is killed by exposure to 55° 



Fig. 68. — Colonies of the typhoid bacillus on nutrient agar. Note tluj ch a rao tetris tic 
“maple-leaf” irregular margin and slightly roughened glistening surface. X 6. 


to 60° C. for thirty minutes and by the usual bactericidal chemicals in a 
somewhat shorter time than certain more resistant forms such as staphylo- 
cocci. It persists, rather than multiplies, in nature for a variable length of 
time. Some bacilli remain viable in ground water for possibly two or three 
weeks, but in fecal matter in privy vaults and elsewhere they may persist 
for one to two months.® 

Toxins, — Bad. typhosum, like the other enteric bacteria, does not form 
a soluble toxin, but its cell substance is toxic to the experimental animal 
upon parenteral inoculation. A polysaccharide-lipid complex which is re- 
ported to represent the somatic antigen and endotoxin has been isolated 
from typhoid bacilli by Boivin and Mesrobeanu^® by trichloracetic acid 

8 As measured in Warburg respirometers in the writer’s laboratory. Carbon dioxide 
is also given off by aerated broth cultures. 

3 Beard: Amer, Jomr. Pub. Health., 1940, 50:1077. 

The work on the typhoid bacillus is discussed by Boivin and Mesrobeanu: Rev. 
d’lmmunologie, 1938, 4:197. 
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extraction (p. 252). A similar substance, but differing in that it contains 
protein, has been isolated by Morgan and Partridge^^ by extraction with 
diethylene glycol and purified by precipitation from aqueous solution with 
acetone. The contained polysaccharide is immunologically specific, reacting 
with O antisera, and is probably the same as that studied by Freeman.^^ 
An alcohol-soluble substance having toxic properties has been studied by 
White^® and named by him “Q” substance. Similar substances have been 
found in quite a number of the enteric bacilli and their relationship to the 
lipid complexes is not clear. Morgan^^ has studied the pathologic changes 
produced by the endotoxin in some detail. Intradermal inoculation results 
in a local edema and erythema followed by necrosis, and intravenous 
or intracardial injection results in congestion, hemorrhagic extravasa- 
tion and necrosis in various organs. The liver and bone marrow pathology 
is very similar to that observed in fatal human cases of typhoid fever. The 
vascular epithelium is injured also and thrombosis, common in severe 
human infections, is produced. 

Classification and Antigenic Structure. — ^The typhoid bacillus has 
been given a variety of names, including Bacillus typhi. Bacillus typhosus 
and Bacterium typhosum. Closely related to the other enteric bacilli, it is 
now classified by Bergey^® as the type species of the genus Eherthella, one 
of three genera in the tribe Salmonelleae. The other two are Salmonella and 
Shigella — the latter the dysentery bacilli. Formerly tevmQd Eherthella typhi, 
the typhoid bacillus is now designated Eherthella typhosa. 

The antigenic structure of the typhoid bacillus is given by the formula 
IX, XII: d: — : and its close immunological relation to the Salmonellas is 
obvious. As a consequence of this relationship, many workers, the English 
in particular, allocate the typhoid bacillus to this genus and term it Salmo- 
nella typhi. At the present time, however, it seems best to set the typhoid 
bacillus apart from the paratyphoid bacilli but to use, instead of Eherthella 
typhosa, the non-committal term Bacterium typhosum. 

Vi Antigen.^^ — In addition to the usual somatic and flagellar antigens, 
the majority of strains of typhoid bacilli isolated from human infections, 
some of which are inagglutinable by O antiserum, were found by F elix and 
PiW’' to contain an additional antigen. This was designated the Vi or “virul- 
ence” antigen since they believed it was associated with the virulence of 
the bacteria. This antigen appears to be similar to the somatic antigens, 
has in fact been reported^® to be extracted with trichloracetic acid, but 
differs in that it is heat labile in the presence of water. It is, however, 
relatively heat stable in absolute alcohol, acetone or glycerine.^® According 

Morgan and Partridge: Brit. Jour. Exp. Path., 1942, 25:151. 

Freeman: Biochem. Jour., 1942, 56>:340. 

White: Jour. Path. Bact., 1932, 35:77; Dennis: Proc. Soc. Exp. Biol. Med., 1939, 
42:89. 

1^ Morgan: Amer. Jour. Path., 1943, i9:135. 

1® Bergey: Manual of Determinative Bacteriology, Williams «& Wilkins Company, Balti- 
more. 5th ed. 1939. 

^3 See the review hy Ahnon: Bact- Rev., 1943, 7:43. 

Felix and Pitt: Lancet, 1934, zi:186. 

18 Boivin and Mesrobeanu: Compt. Rend. Soc. Biol., 1938, i28:S. 

Peluffo: Proc, Soc. Exp. Biol. Med., 1941, 45:340. 
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to Pijper^® the type of agglutination produced by the antibody to this 
antigen differs from the normal H and O agglutination in that a sort of 
“paresis” is produced in the flagella, resulting in erratic movements and 
chance contacts between the cells. Though there appears to be no mutual 
attraction, the bacilli seem to be sticky and, when relatively large areas 
come in contact, they adhere to form clumps in which the bacalli tend to 
be arranged side by side. 

Practically all strains of typhoid bacilli isolated from cases of the disease 
contain Vi antigen, though exception has been noted, and more than 
95 per cent of strains isolated from carriers contain it. The antigen tends 
to be lost as the strain is carried on laboratory media and it eventually 
disappears. A series of steps is apparent in this degradation. The strain is 
at first inagglutinable by 0 antiserum and the first step is the acquisition 
of 0 agglutinability, often after only one or two transfers. Next the strain 
loses the ability to stimulate the formation of Vi antibody, then aggluti- 
nability with monospecific Vi antiserum disappears, and finally ability to 
absorb Vi agglutinins from antiserum is lost. Kauffmann^^ has suggested a 
terminology for these changes which has been generally adopted. A strain 
inagglutinable in 0 antiserum is termed a V strain, when it agglutinates in 
0 antiserum but retains other Vi characteristics it is a V-W strain, and 
when a strain gives no evidence of the presence of Vi an tigen i t is designated 
a W strain. 

The association of Vi antigen and virulence is not clear-cut, and some 
workers have expressed doubts of its validity.^® Virulence is difficult to 
measure, particularly since typhoid fever is not reproduced in laboratory 
animals. It may be noted that the same antigen has been found in S. para- 
typhi C, and its presence in these bacteria is not correlated with their 
virulence (in terms of minimum lethal dose) for mice, their natural host.^^ 
Nevertheless, Vi antibody has powerful protective properties as assayed 
by the mouse protection test and appears to be somewhat more eflicient in 
this respect, though qualitatively no different, than 0 antibody. An tibody 
to Vi antigen from bacteria other than the typhoid bacillus, such as S. 
ballerup, protects mice against typhoid bacilli as well as antibody to the 
homologous antigen. 

Bacteriophage Typing. — It was shown by Craigie and Yen^^' that a num- 
ber of types of Vi-containing typhoid bacilli may be diflerentiated on the 
basis of susceptibility to the lytic action of races of bacteriophage. These 
types and subtypes are designated by letters, A, Bi, B 2 , C, etc. These 
phage types are apparently stable. Typing is readily accomplished by in- 
oculating a series of areas on an agar plate and, after the inoculated areas 
have dried, each is inoculated separately with the type phages diluted to 
act selectively. After incubation an area of lysis is produced by the phage 

20 Pijper: Jour. Path. Bact., 1941, 55;431. 

21 Dolman, Kerr and Helmer: Canadian Jour, Pub. Health, 1941, J2:113. 

22 Kauffmann: Ztschr. f. Hyg. u. Infektionskr., 1935, ii6:617. 

Robertson and Yu: Jour. Path. Bact., 1936, 45:191. 

Kauffmann: Ztschr. f. Hyg. u. Infektionskr., 1936, if 5:318. . 

25 Luippold: Science, 1944, 99:497. 

Craigie and Yen: Canadian Pub. Health Jour., 1938, 29:448, 484. 
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type to which the unknown strain belongs. Phage typing has been of 
considerable value in epidemiological studies.^® 

Variation. — The dissociation of the typhoid bacillus into the usual 
smooth and rough colonial types is well known. The round, domed, bluish 
white colonies observed in blood cultures are the typical smooth form, 
while the rough colonies are flatter, with a roughened surface and irregular 
edges, and are more opaque. The rough forms are not necessarily non- 
motile, and in this respect four types may be distinguished: the smooth 
motile, the smooth non-motile, the rough motile and the rough non-motile. 
The S-R transformation is, as in the case of the Salmonellas, associated 
with a change in the immunological specificity of the somatic or 0 antigens. 
The Vi antigen is apparently independent and may be present either with 
or without 0 antigen. A series of antigenic combinations is, then, possible, 
for each of the four above types may or may not contain Vi antigen, and 
H antigen, 0 antigen and Vi antigen may be present separately or in any 
combination. The presence or absence of Vi antigen is not associated with 
the S-R transformation, and the gradual disappearance of this antigen 
on continued cultivation on laboratory media cannot be regarded as a 
dissociative change- 

The S-R transformation may take place in the body, and it is a common 
experience to find that typhoid bacilli isolated from carriers are spontane- 
ously agglutinable, avirulent, typically rough forms. The relation of this 
transformation to the continued presence of the bacilli in the healthy 
carrier is not clear, though possibly associated with the S-R transformation 
that may be brought about in vitro by cultivation in the presence of immune 
serum. 

Pathogenicity for Man. — Typhoid fever (enteric fever; Gr., Abdom- 
inal-typhus or typhus; Fr., lafievre typhoide) was for long one of the most 
widespread and important of all bacterial diseases. In the United States in 
1900, there were 35,379 reported deaths from this disease, undoubtedly a 
low figure, and probably some 350,000 cases of typhoid fever in a popula- 
tion of 76,000,000 — in the course of a decade perhaps one person in every 
20 to 25 contracted the disease. The prevalence of typhoid fever has greatly 
diminished in recent years, and a large part of this decrease has taken 
place in the large cities. In 1937, of 93 large cities in the United States, 
27 had nd typhoid deaths, 52 had a death rate of 0.1 to 1.9 per 100,000, 
13 had a rate of 2.0 to 4.9 and one a rate of 6.3. In the case of 78 cities for 
which data are available, the rate has fallen from 20.5 in 1910 to 0.26 in 
1942.29 Typhoid still persists, however, and epidemics occur from time to 
time, particularly in the smaller towns and rural areas. Much the same 
situation prevails in other countries, such as Great Britain.^® 

The common symptoms of typhoid fever include frontal headache, lack 
of appetite, nosebleed, the development of rose spots on the abdomen, 

Cf. Boyd; Brit. Med. Jour., 1939, Nov. 4, 902. 

28 For example, see Helmer et al.: Canadian Jour. Pub. Health, 1940, 54:433; Lazarus; 
A.mer. Jour. Pub. Health, 1941, 54:60; Felix: Brit. Med. Jour., 1943, i:435. 

29 Jour. Amer. Med, Assn., 1943, 422:1181. 

30 Lancet, 1937, ii:1340. 
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muscular weakness and diarrhea. Sometimes considered primarily an intes- 
tinal infection, the disease is, in fact, a general invasion of the body, par- 
ticularly of the lymphatic system. The intestine is often regarded as the 
main portal of entry of the bacilli into the body, and Coleman and Buxton^^ 
have advanced the view that the lymphatic tissues in the intestinal wall are 
first invaded and the bacilli spread through the lymphatic system. After 
considerable multiplication has occurred (incubation period), the bacilli 
overflow into the blood and bacteriolysis takes place; the endotoxins which 
are liberated as a result of the destruction of the bacilli produce the symp- 
toms of typhoid fever. Other evidence suggests that the body tissues may 
be invaded through the tonsils and gastric mucosa, but in any case the end 
result is the same and typhoid fever is a general and not a localized infection. 

The typhoid bacillus appears in the blood stream early in the disease, 
i.e., after the onset of symptoms, and may be cultured within the first ten 
days in the majority of cases, either from a blood sample or from the clot 
of samples sent in to a laboratory for agglutination tests. The presence of 
typhoid bacilli in the blood, however, does not constitute a septicemia ; in 
fact, probably little or no multiplication takes place. The bacilli are also 
present in the bone marrow early in the disease, and some have urged 
culture by sternal puncture to facilitate diagnosis. During and after the 
second week typhoid bacilli may be found with increasing frequency in 
the feces, and the proportion of positive blood cultures drops off. The 
bacilli are also excreted in the urine in perhaps 25 per cent of the cases. 
They may often be found early in the disease in the rose spots, not in the 
blood but in the lymphatic spaces. 

On autopsy, the intestinal walls are usually found to be extensively ulcer- 
ated, Peyer’s patches and the solitary glands of the intestine being par- 
ticularly involved and containing typhoid bacilli. Perforation of the 
intestinal wall as a consequence of ulceration is a not uncommon occurrence. 
The spleen is enlarged and congested and usually contains large numbers of 
typhoid bacilli. In both the spleen and the liver the bacilli seen in stained 
sections occur in groups or masses rather sharply focalized; scattered 
individuals are not often found. 

A variety of complications may occur. The gallbladder is not infrequently 
infected and cystitis sometimes occurs. Suppurative and inflammatory 
processes may appear in other parts of the body. The osseous system seems 
especially open to attack, and affections of the periosteum, the bone marrow 
and the joints have been traced to infection with Bact. typhosum. Osteomy- 
elitis may develop as long as six or seven years after recovery from typhoid 
fever, indicating that the typhoid bacillus can remain in contact with human 
tissues for years without losing its virulence. Other parts of the body are 
more rarely invaded during typhoid fever, but almost any organ can be 
attacked occasionally. The presence of Bad. typhosum has been reported 
in a brain abscess, and the cerebral and meningeal symptoms occurring in 
many cases of typhoid fever are directly connected with the localization 
of the bacilli in the meninges — bacilli have been found in spinal fluid ob- 
tained by lumbar puncture. 

Colmian and Buxton: Jour- Med. Res., 1909, 2f:83. 



Secondary or mixed infections, especially with the pyogenic cocci and 
the pneumococcus, are not at all uncommon, and sometimes result in serious 
complications. Mixed infections with the tubercle bacillus and the anthrax 
bacillus have also been observed. 

Carriers.— -About one-third of the individuals having typhoid fever dis- 
charge bacilli for a period of three weeks after the onset of illness and about 
10 per cent for eight to ten weeks; these are known as convalescent carriers. 
A certain proportion continue to discharge typhoid bacilli for six months 
or more, and in many cases over a period of several years or throughout the 
whole of a long life. 

The development of the carrier condition is probably dependent upon 
the invasion of the gallbladder in the case of the fecal carriers and of the 



Fig- 69- — ^The persistence of typhoid bacillus infection as indicated by percentage of 
positive fecal cultures by weeks after onset. Data from 374 cases in New York State 
exclusive of New York City by Ames and Robins: Amer. Jour. Pub. Health., 1943, 
55:221. 

urinary bladder in the case of the urinary carriers. Fecal carriers are more 
common than urinary carriers, and combined fecal and urinary carriers 
are relatively uncommon. It is not known why women are more commonly 
carriers than men. In the series studied by Ames and Robins®^ 2.1 per cent 
of the males became chronic carriers as compared with 3.8 per cent of the 
females. Age is a factor also; according to the same workers the percentage 
of cases becoming carriers was 0.3 in the 0-9 and 10-19 age groups, but as 
high as 10.1 in the 50-59 age group. The usual estimates for all age groups 
vary from 0.5 to 11.6 per cent. Typhoid bacilli need not be excreted con- 
tinuously; in fact, their intermittent appearance is very common, and weeks 
may elapse with negative cultures before the bacilli reappear. The necessity 
32 Ames and Robins: Amer. Jour. Pub. Health, 1943, 55:221. 
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for repeated examinations is, of course, obvious. A majority of carriers give 
the Widal reaction, and in most cases the opsonic index is abnormally high. 
Antibody to Vi antigen is found in the great majority of carriers, but is 
only transitory if present at all in inoculated persons, and the use of the Vi 
agglutination test proposed by Eliot^® for the detection of carriers has given 
encouraging results. 

Attempts to cure typhoid carriers by non-surgical means, such as chemo- 
therapy, vaccine therapy or bacteriophage have not been generally success- 
ful, and such procedures are not generally advocated at the present time.^^ 
Removal of the gallbladder under suitable conditions is often effective in 
the case of fecal carriers; possibly three-fourths or more are cured. 

The proportion of typhoid carriers in the general population is not known, 
owing to obvious practical and technical difficulties. It is probably quite 
different in different localities and doubtless depends largely upon the 
prevalence of current and past typhoid infection. By a modified life table 
procedure Ames and Robins^^ estimated a carrier rate of 42 per 100,000 in 
New York State. On the basis of reported deaths and assuming a (^ase 
fatality rate of 10 per cent and a chronic carrier incidence of 2 per cent in 
survivors, Anderson, Hamblen and Smith*® estimated a carrier rat e of 48 
per 100,000 in Massachusetts, and Grey*® similarly estimated a rat e of 288 
in Mississippi. The number of carriers throughout the United States is 
probably decreasing since they are no longer produced in such quantities 
as when typhoid fever was prevalent. By extrapolation Ames and Hobins*^ 
calculated that the 2500 carriers in New York State in 1940 would be 
reduced to 200 by 1980. 

Bacteriological Diagnosis of Typhoid Bacillus Infection. — The iso- 
lation and identification of the typhoid bacillus is essential in the de tection 
of the carrier state and is necessary to establish a diagnosis of typhoid 
fever. The isolation of the bacillus from blood or urine specimens is ordi- 
narily a relatively simple matter since the fresh specimen is not heavily 
contaminated. Fecal specimens, however, contain very large numbers of 
Bact, coli and other bacteria and selective as well as differential media are 
required. 

The procedure is essentially the same as that used for the isolation of 
Salmonella, and includes enrichment culture in Selenite-F broth and direct 
plating on S-S and D-C agars and on MacConkey agar. Blood is usually 
cultured in bile broth or brilliant green bile broth, though cultures in 
nutrient broth are often satisfactory. The bismuth-sulfite agar of Wilson 
and Blair* ^ is particularly useful for the isolation of the typhoid bacillus 
for the colonies on this medium are black and distinctive; however, S. 
paratyphi B and S. enteritidis also grow as black colonies. The medium is 
strongly inhibitory and must be inoculated very heavily; consequently, 
colonies may not be pure cultures. Growth on this medium is often not a 

Eliot: Amer. Jour. Hyg., Sec. B, 1940, 3i:Z. 

34 See the discussion by Cutting and Robson: Jour. Amer. Med. Assn., 1942, ^^5:1447. 

33 Anderson, Ramblen and Smith: Amer. Jour. Pub. Health, 1936, 26:396. 

33 Grey: Amer. Jour. Pub. Health, 1938, 26:415. 

S’' Wilson and Bleiir: Jour. Hyg., 1927, 26:374; ibid., 1931, 6f:138; ibid., 1938, ,?6:507 
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satisfactory agglutinating antigen. The medium is difi&cult to prepare in 
uniform quality but because of its utility is very widely used. 

The^ typhoid bacillus is identified by biochemical reactions and specific 
agglutination and must be differentiated from other enteric bacilli which 
cause clinically similar disease. 

Epidemiology. — The typhoid bacillus is a strict parasite found only in 
man. Outside the human body multiplication, if it occurs at all, is insig- 
nificant, and for practical purposes may be neglected as a factor in the 
dissemination of the disease. As indicated above, the typhoid bacillus leaves 
the body in the feces or, less commonly, the urine, and enters the body of 
a new host via the alimentary tract. The epidemiology of typhoid fever, 
then, is predicated upon the connection between the intestinal tract of the 
infected person and the mouth of the susceptible, and the factors that 
determine the spread of this disease are, essentially, those arising as a 
consequence of the interrelationships of the individuals or groups of indi- 
viduals comprising the host population. The extent of the spread of typhoid 
is, of course, dependent upon the nature of the connecting links between 
individuals, and two epidemiological types of the disease may be distin- 
guished, the one epidemic typhoid, and the other endemic, or residual, 
typhoid. 

Epidemic Typhoid Fever . — Extensive outbreaks of typhoid fever neces- 
sarily involve a connecting link that is common to a great many people, 
and by far the most important vectors of this kind are water and milk. 
As pointed out elsewhere (Chapter 10), water-borne typhoid fever, for- 
merly all too common but by now relatively rare in the larger communities, 
arises as a consequence of the contamination of a water supply with infec- 
tious fecal material, either as such or in the form of sewage. Water-borne 
epidemics of typhoid fever occur in the absence of chlorination, filtration 
and other purification procedures and may, of course, be readily prevented. 
These epidemics tend to occur in the cold months of the year, particularly 
in the winter and early spring, and the incidence of the disease is unaffected 
by age, sex or economic status. 

Milk-borne typhoid fever, at the beginning of the twentieth century 
second only to water-borne typhoid in extent and importance, follows the 
route of the milkman and, as might be expected, tends to occur in the lower 
age groups and in families of higher economic status. The general intro- 
duction of the process of pasteurization has practically eliminated milk- 
borne typhoid fever from the larger urban centers, but epidemics continue 
to occur from time to time in various parts of the country. 

Food-borne typhoid fever may take on epidemic proportions in certain 
instances. Oysters and other shellfish have come into bad repute in this 
respect in recent years, for a number of typhoid epidemics in Great Britain 
and the United States have been found to be due to the eating of oysters 
grown near sewer outfalls or placed to “fatten” in the polluted waters of 
estuaries or creeks. Watercress, lettuce, radishes or any vegetables or 
fruits which are liable to come in contact with contaminated water or are 
sprayed with human excrement may give rise to small-scale epidemic 
typhoid fever. 
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Endemic TyphoidFever . — Although epidemic typhoid fever is largely elim- 
inated in a given community through adequate sanitary control of water 
and milk supplies and such food supplies as are susceptible to the applica- 
tion of effective control measures, the disease remains in an endemic form 
which is manifested as occasional cases or small groups of cases which 
appear from time to time. The seasonal incidence is quite different from 
that of water-borne typhoid; the marked increase in incidence in late 
summer and early fall is not explained (Fig. 70). The source of infection is, 
of course, the case, frank or ambulatory, or the healthy carrier. Instances 
of direct, contact infection are uiiquestionably more common t,han is gen- 
erally recognized, and the dissemination of typhoid bacilli from the infected 
individual to his immediate associates is undoubtedly responsible for the 
majority of cases of residual typhoid. Carriers are, of course, of particular 
importance in this connection in that they constitute semipermanent foci 



Fig. 70- — ^The seasonal incidence of typhoid and paratyphoid fever. Averages of re- 
ported cases by months for the years 1930 to 1938 inclusive. Data from Supi>lements to 
Public Health Reports. 

of infection and, when employed as food handlers, may be the cause of 
small epidemics. The most notorious instance of this kind was that of 
Mary Mallon, ‘‘Typhoid Mary,’’ who was unknowingly the cause of some 
twenty-six cases of typhoid fever in seven different families.^® Under special 
circumstances, such as prevail among troops, contact infection may assume 
epidemic proportions. 

The reduction in the prevalence of typhoid fever in the last few decades 
(Fig. 71) is attributable almost entirely to elimination of the great water- 
borne and milk-borne epidemics. As noted above, epidemics still occur, and 
their control is a matter of putting into practice existing knowledge. Re- 
sidual typhoid, however, is much more didicult to control; the detection 
and supervision of all carriers, or even the elimination of carriers as food 
handlers, is a practical impossibility. There is reason to believe that with 
Soper: Jour. Amer. Med. Assn., 1907, 45*2019. 
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continued control of epidemic typhoid fever, the reduction in the proportion 
of carriers may well he reflected in a reduced incidence of the disease in the 
endemic form. 

Pathogenicity for Lower Animals. — ^The injection of typhoid bacilli 
into experimental animals produces much the same effect as the injection 
of colon bacilli. When introduced into the peritoneal cavity in considerable 
quantity many strains produce symptoms of a non-specific character and 
a fatal outcome. Although a genuine but slight multiplication of the bacilli 
takes place and attests the occurrence of a true infection, neither the symp- 
toms nor the lesions of this intraperitoneal typhoid bear any close resem- 



Fig. 71. — ^The prevalence of typhoid and paratyphoid fever in the Registration Area 
since 1900 as indicated by the uncorrected death rates. From data compiled by the 
Bureau of the Census. 

blance to the typhoidal processes in man. The virulence of the typhoid 
bacillus for mice on intraperitoneal inoculation is raised to a very high 
level, only a few hundred sufficing to produce a fatal infection, by suspen- 
sion in 5 per cent mucin (see Army studies below). Remlinger,^^ however, 
was able to set up an infection by feeding vegetables smeared with typhoid 
bacilli to fasting rabbits and rats, but without the reproduction of the 
clinical picture of human typhoid. Others have reported the reproduction 
of characteristic typhoid lesions in the ileum in chimpanzees fed typhoid 
cultures in milk and broth. It may be noted that the carrier state may be 
39 Remlinger; Ann. Inst. Pasteur. 1897, il :S29. 
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produced in the rabbit by intravenous inoculation, the bacilli localizing in 
the gallbladder, where they may persist for several months. It must be 
admitted, however, that typhoid fever as it exists in man has never been 
reproduced in the experimental animal. 

Immunity. — An attack of typhoid fever confers a certain degree of 
immunity, although instances of two or even more attacks in the same 
individual are not unknown. Animal experiment has shown t.liat it is pos- 
sible to obtain a high degree of immunity in rabbits and guinea pigs against 
intraperitoneal inoculation. The immunity is associated witli the develop- 
ment of humoral antibodies such as agglutinins, precipit ins and the like. 
Lysin is also produced, and, like the cholera vibrio, the typhoid bacalhis 
undergoes visible dissolution and disintegration in the peritoneal cavity of 
the immune animal. 

In man recovery from typhoid fever is also accompanied by the appear- 
ance of demonstrable antibodies. In most instances agglutinins appear 
during the course of the disease, sometimes as early as the fifth day (over 
90 per cent by the fourth week), and their presence is the basis of th(^ Widal 
test used for diagnostic purposes. 

In its original form the Widal test was a slide agglutinatioxi tost, and 
agglutination of typhoid bacilli by patient’s serum in a dilution of 1:50 or 
more was considered positive. The development of knowledge of the anti- 
genic structure of the typhoid and paratyphoid bacilli in recent/ years has 
resulted in a somewhat better understanding of the value and limitations of 
the agglutination test in the diagnosis of typhoid fever. At the present time 
the test is a macroscopic one and is carried out wi Lh both II and O antigens. 
The interpretation of a single such test must take into consideration ancil- 
lary data such as a previous immunization or attack of typhoid fever, the 
prevalence of endemic typhoid in the general population, ct(‘/. It is, there- 
fore, difficult to set arbitrary limits; in most instances an 0 titer of 1:100 
and an H titer of 1:200 may be regarded as significant. A point of some 
interest is the lack of sharp antigenic specificity of human sera as compared 
with the specificity of experimentally produced rabbit antisera. 

The interpretation of the Widal test in immunized persons is often diffi- 
cult, since both H and 0 agglutinins are formed in response to the vaccine. 
Titers fall after immunization, of course, but may persist at moderate levels 
for many months. Furthermore, the agglutinin titer may rise in anamnestic 
response to a febrile condition. The extent to which this occurs is not 
definitely known and some data suggest that it is significant while others 
do not. Such an anamnestic reaction is particularly prone to occur in typhus 
fever, and typhoid agglutinin titers as high as 1 : 800 have been observed.^® 
There is some evidence that an “agglutinin curve,” obtained by periodic 
agglutinin titrations, has diagnostic value in that it continues to rise in 
typhoid fever but usually does not do so in the anamnestic reaction. 

Prophylactic Inoculation , — Man may be actively immunized against ty- 
phoid fever by the parenteral inoculation of killed typhoid bacilli. Anti- 
typhoid vaccination has had its widest application thus far in the protection 
of soldiers in the field, for, owing to the conditions under which they must 
Siipfle: A.rch. f. Hyg. u. Bakt., 1943, i29:158. 
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live in the field, or on the march, the likelihood of typhoid fever is great. 
Mass immunization has effected a remarkable reduction in the incidence of 
typhoid fever among these men. For example, in 1898 at the time of the 
Spanish- American War, 4422 cases of typhoid and 248 deaths occmred in a 
division of 10,759 men; among 12,801 vaccinated men under very similar 
conditions during summer maneuvers at San Antonio, Texas, in 1911, only 
one case developed. Similar results have been obtained in the armies of 
other nations, and the efEcacy of typhoid immunization is undoubted. 
Typhoid vaccination has been compulsory in the United States Army 
since 1911, and the result has been the practical disappearance of the 
disease.^^ 

The vaccine ordinarily consists of a saline suspension of killed bacteria. 
The microorganisms are grown on the smface of agar culture media and 
after eighteen hours’ incubation are washed off with sterile physiological 
salt solution and killed by heating to 55° to 56° C. for one hour. The sus- 
pension is standardized by counting the number of bacteria and then 
diluting so that 1 cc. contains 1 billion bacilli. A preservative (0.25 per cent 
tricresol) is added and the sterility rigidly controlled by culture and animal 
inoculation. 

The vaccine is given in three injections, five days to a week apart. The 
first consists of 0.5 cc. or 500 million bacilli, and the second and third 1 cc. 
or 1 billion bacilli each. As a rule, the reaction following inoculation is not 
severe, although occasionally fever, chills, nausea and some nervous symp- 
toms are observed. At times it has been found advantageous to immunize 
simultaneously against the paratyphoid infections as well. Such vaccines, 
known as TAB vaccines (typhoid, para A and para B), are standardized to 
contain 1 billion typhoid bacilli, 750 million paratyphoid A bacilli and 750 
million paratyphoid B bacilli per cc. Under exceptional circumstances still 
other microorganisms have been added to typhoid vaccines. The Italian 
troops in Ethiopia, for example, experienced a considerable residue of 
enteric fevers after TAB inoculation. This residue was greatly reduced by 
the incorporation of the cholera vibrio in the standard typhoid vaccine. 
Such procedures are, however, unusual. 

In recent years this vaccination procedure has been under some criticism, 
particularly by Felix and his co-workers. It has been objected that heating 
destroys valuable antigenic components of the bacteria, that the 0 anti- 
body is more important in the immune state than the H antibody but is 
not produced by the usual procedure, and that Vi antibody contributes in 
large measure to the immune state but that Vi antigen is not present in 
the vaccines. The significance of these criticisms is open to some question, 
for, contrary to earlier contentions, it has been shown that O antibody as 
well as H antibody is produced by immunization,^® and, furthermore, the 
supposedly greater immunizing potency of Vi antigen as compared with 
O antigen is by no means conclusively established. While it cannot be 

The Army experience to 1942 with prophylactic inoculation has been smnmarized 
by Callender and Luippold: Joxir. Amer. Med. Assn., 1943, 125:391. 

42 Raffaele: Gior. Ital. di Malat. Esto. e Trop., 1936, 9:149. 

43 See, for example, Perry: Amer. Jour. Hyg., 1937, 26:388. 
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reasonably maintained that the present antigen cannot be improved, its 
efficacy has been proved beyond doubt by the experience of many years. 

Improvement of the present antigen has been the object of intensive 
study at the Army Medical School in this country. Unfortunately there is 
as yet no wholly satisfactory means of evaluating bacterial vaccines, and 
questions of their efficiency as immunizing agents are particularly difficult 
to answer when the disease cannot be reproduced in experimental animals. 
The Army workers have measured immunizing efficicnc'.y in t,erms of the 
protective quality of serum from immunized animals against intraperit.oneal 
inoculation of virulent bacilli in mucin suspension into mice. They suggest 
that a strain of typhoid bacilli should be used which is (1 ) highly virulent 
and (2) highly immunogenic in terms of mouse protection, iJu^se properties 
to be demonstrated by active and passive immunity tests in a selected 
breed of mice. On the basis of such mouse protection tests, the Rawlings 
strain (the classic strain of Bact typhosum) was found to be lacking in im- 
munizing properties, and a more virulent strain, designated as No. 58, is 
now used in the Army.^^ 

Another type of antigen, consisting of a formolized solution of the cell 
substance of typhoid bacilli and designated endo toxoid vaccine, has been 
used in recent years with encouraging results,^® but it is not as ycvt c^lear 
how this antigen compares with whole bacilli. 

As indicated above, typhoid vaccines are ordinarily adrninisl,(u-ed paren- 
terally, by subcutaneous injection. It has been contended by some workers 
that oral administration of the vaccine together with a small quantity of 
bile, which presumably increases the permeability of the intestinal wall, 
produces an equally effective immunity. As pointed out in an earlier chap- 
ter, oral vaccination is a highly uncertain method of inoculation having no 
advantages over parenteral injection. Vaccination by the oral route is 
seldom practiced. 

Passive Immunization. — The use of antityphoid serum for therapeutic 
purposes has been considered by a number of workers, but there is still no 
conclusive evidence as to its value. Whether or not “antiendotoxic” sera 
or other typhoid antisera confer a passive immunity to typhoid infection 
in man is likewise not established. 

ALCALIGENES FECALIS 

Alcaligenes fecalis or Bacterium fecalis alcaligenes closely resembles the 
typhoid bacillus morphologically, culturally and even in its growth on 
Endo, Gonradi-Drigalski and malachite green differential media. It has 
been found in feces and in water. It differs from the typhoid bacillus in 
the possession of one or more polar, instead of many peritrichous, flagella; 
more luxuriant growth on potato with a brown coloration; and distinct 
alkali production in mannitol and litmus milk. It fails to produce acid from 

studies are described in detail in a monograph by Siler et al: Immunization 
to Typhoid Fever. Johns Hopkins Press. Baltimore. 1941. Additional studies are sum- 
marized by Longfellow and Luippold: Amer. Jour. Pub. Health, 1943, .?^:561. 

^ Grasset: Brit. Med. Jour., 1939, July 8, 58. See also Morgan, Favorite and Hornoif* 
Jour. Immunol., 1943, 4^:301. 
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Fig. 72. Alcaligenes fecalis. Smear from a pure culture. Fuchsin; X 1050. 

nl«!f f^bly pathogenic for experimental animals and presumably 

also for man. Human i^ection is observed in rare instances, however, I 
the form of mild typhoid-like disease, bacteremia^ and cystitis.^* 

Conn: Join-. Bact., 1942, 44:353. 

48 CMdren, 1943, ^(J:413. 

Ahad: Indian Med. Gaz., 1942, 77:530. 



CHAPTER 21 


THE ENTERIC BACILLI: THE DYSENTERY BACILLI 

Dysentery is a clinical rather than an etiological entity, and its charac- 
teristic symptoms, diarrhea, abdominal pain and blood in the stools, may 
occur either alone or as part of the syndrome of a number of diseases. In 
the former instance dysentery may be of protozoan (amebic dysentery, 
p. 701) or bacterial etiology. A dysentery-like infection may be produced 
by some members of the Salmonella group, but usually another group of 
bacteria, the dysentery bacilli, is responsible. 

The dysentery bacilli are gram-negative, non-spore-forming rods related 
to the other enteric bacteria. Some of them resemble Bad. coli anaerogenes 
and the typhoid bacillus in that they ferment carbohydrates with the pro- 
duction of acid and no gas. Others arc, perhaps, related to the slow or late 
lactose-fermenters designated as paracolon bacilli. None of the dysentery 
bacilli is motile, and hence they do not contain the two types of antigens 
found in the paratyphoid bacilli. As a group they difler from one another 
biochemically and immunologically. In general, their uncertain relationship 
to the other enteric bacilli, coupled with their own heterogeneity, has made 
their classification a diflicult matter. 

In the current Bergey classification the dysentery bacilli are members 
of a single genus, Shigella, which, together with Eherthella (the typhoid 
bacillus) and Salmonella, make up the tribe Salmonelleae in the family 
Enterohacteriaceae. Many workers, however, prefer to retain tlie g<vneric 
name Bacterium for these microorganisms. 


DIFFERENTIAL REACTIONS OP THE DYSENTERY BACILI.I 
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The dysentery bacilli are facultative anaerobes and their optimum tem- 
perature for growth is 37° G. Their nutritive requirements are not complex 
in that they will grow upon the ordinary nutrient (beef extract) media. 
In synthetic solutions nicotinic acid is apparently required by some strains, 
but whether amino acids are necessary is not known. They ferment glucose 
to much the same end products as the other enteric forms — lactic acid 
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together with smaller amounts of formic and acetic acids and ethyl alcohol. 
Like the other gram-negative bacilli, they are relatively resistant to the 
bacteriostatic action of dyes, and these substances may be incorporated in 
differential media for their isolation ; eosin-methylene blue agar is commonly 
used. 

The dysentery bacilli may be divided into several groups on the basis of 
fermentation reactions. The carbohydrates of particular differential value 
are mannitol, lactose, sucrose, dulcitol and sorbitol, and the formation of 
indol is useful in some instances. On this basis seven relatively well defined 
groups are apparent which are best considered separately.^ 

Bacterium Shigae (The Shiga Bacillus, Bacterium dysenteriae. Shigella 
dysenteriae) . — This was the first of the dysentery bacilli to be described. 
The Japanese bacteriologist, Shiga, found the bacterium which bears his 
name in a study of an epidemic of dysentery in Japan in 1898.2 The same 
microorganism was found by Kruse® in Germany two years later, and 
Bacterium shigae is known as Shiga’s bacillus or the Shiga-Kruse bacillus. 
The Shiga bacilli are immunologically homogeneous, but anti-Shiga sera 
show some cross-reaction with some strains oi Bacterium flexneri and Bac- 
terium ambiguum. Strains of dysentery bacilli culturally identical with 
Bacterium shigae but immunologically unrelated were found by Dudgeon 
and Urquhart^ in Macedonia and designated by them Bacterium para- 
shigae (~), in contrast to the Schmitz bacillus, which they termed JBac- 
terium para-shigae (+). Strains of this bacterium have also been found in 
the United States.® 

Bacterium shigae differs from the other dysentery bacilli in its marked 
toxicity for man and experimental animals. Apparently two types of toxin 
are formed; an endotoxin closely bound to the cell substance and which is 
a polysaccharide-lipid-polypeptide complex® that appears to have con- 
siderable immunizing activity as assayed by mouse protection;’^ and an exo- 
toxin found in filtrates of broth cultures, protein in nature and thermolabile. 
The exotoxin (neurotoxin) has an effect upon the nervous system and pro- 
duces paralysis, while the endotoxin appears to act chiefly upon the ali- 
mentary tract. Although generally regarded as a true soluble toxin, the 
Shiga toxin is not as potent as the toxins of the diphtheria and tetanus 
bacilli, nor does it stimulate the production of high titer antisera. Anti- 
toxic sera may, however, be produced and have marked protective qual- 
ities in animal experiments. The therapeutic use of these sera has given 
encouraging results in some instances, but their value is not firmly 
established. 

Shiga bacillus infections have been observed most frequently in India, 
Japan, China and other parts of Asia; they appear to be relatively rare in 
the United States. 

^ These bacilli have been reviewed by Neter: Bact. Rev., 1942, d.T. 

2 Shiga: Centralbl. f. Bakt., 1898, 25:599. 

3 Kruse: Deut. med. Wchnschr., 1900, 2^:637; ibid., 1901, 27:370, 386. 

■* Dudgeon and XJrquhart: Med. Res. Council Spec. Rept. Series No. 40, 1919. 

® Hazen: Jour. Inf. Dis., 1938, 65:330. 

® Morgan and Partridge: Biochem. Jour., 1940, 54:169. 

Schutze: Jour. Path. Bact., 1943, 55:457. 
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Bacterium Flexneri {Bacterium. paradysenteriae, Pseudodysentery ba- 
cillus, Shigella paradysenteriae, Flexner’s Bacillus, Hiss and Russell’s “Y” 
Bacillus, Strong’s bacillus). — Soon after Shiga’s discovery, Flexner,® work- 
ing in the Philippines, discovered other dysentery bacilli which for a tinae 
were not clearly differentiated. Flexner’s bacilli and those described by 
Strong and Musgrave® differed from Bacterium shigae, however, both sero- 
logically and in the fermentation of mannitol. Attempts to subdivide the 
bacilli of the Flexner group by biochemical methods have not been success- 
ful. These bacteria are immunologically heterogeneous although related to 
one another. 

Five immunological types of Flexner bacilli were distinguished by An- 
drewes and Inman^® on the basis of content of four antigens, V, W, X and Z . 



Fig. 73 . — Bacterium flexneri. Smear from a pure culture. Fuchsin; X 1050. 


These types are designated V, W, X, Y and Z and their antigenic composi- 
tion is illustrated in Fig. 74. A number of other systems of typing Flexner 
bacilli have been suggested from time to time (c/. Neter^ but none ha< 
gained the general acceptance of the Andrewes and Inman types. More 
recently Boyd^^ has reported the presence of group- and type-specific anti- 
gens in these and other mannitol-fermenting dysentery bacilli. According 
to Boyd only the V, W and Z types of Andrewes and Inman are valid since 
each contains a distinctive specific antigen together with a complex group 
antigen; Type Y is regarded as a group variant of Type W and Type X 
as an incomplete variant of Type Z. In addition to these, he found three 
other groups containing the group antigen together with type-specific anti- 
gens in a large series of Indian strains. These were designated “103,” “P 
119,” and “88” ; the last is not new but is the well-known Newcastle bacillus 
(see below). Boyd has suggested, therefore, that the old type designations 
be dropped and six types of Flexner bacilli be recognized and designated 

® Flexner: Bull. Johns Hopkins Hosp., 1900, li :2Z1. 

® Strong and Musgrave: Jour. Amer. Med. Assn., 1900, 55:498. 

Andrewes and Inman: Med. Res. Council Spec. Rept. Series No. 42, 1919. 
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by Roman numerals : Type I is the old Type V ; Type II is the old Type W ; 
Type III is the old Type Z; Type IV is “103”; Type V is “P 119”; and 
Type VI is “88” or the Newcastle bacillus. This nomenclature has been 
adopted by the British Army and accepted by some workers in this 
country but whether it will be generally adopted remains to be seen. 

Bacterium flexneri does not produce an exotoxin like that of Shiga’s 
bacillus, but its cell substance is toxic upon parenteral injection. 

The Flexner bacilli are found in a large proportion of the dysentery cases 
in temperate countries; even in warm countries they are perhaps the most 
common types. In 1929 among the British and Indian troops in India 
Flexner bacilli were isolated in 999 cases, Shiga bacilli in 197, Schrnitz 
bacilli in 100 and Sonne bacilli in 33. Probably many mild attacks of diar- 
rhea are caused by Flexner bacilli. In this country 451 strains of a total of 
769 isolated in routine examinations in Connecticut in 1940-43 proved to 
be Flexner bacilli. 

The Newcastle Bacillus. — The bacterium known as the Newcastle 
bacillus was isolated in 1929^^ from cases of dysentery. It has never been 
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Fig. 74. — ^Diagrammatic representation of the antigenic structure of the five strains of 
the Flexner dysentery bacillus. 


given a specific name and appears to be somewhat apart from the other 
dysentery bacilli in that it is feebly motile, ferments dulcitol and produces 
gas, usually a very small amount, in the fermentation of glucose. The 
original Newcastle bacillus did not ferment mannitol, but a variety known 
as the Manchester type, or Newcastle-Manchester bacillus, does ferment 
this alcohol; some strains produce a small amount of gas and others do not. 
Almost all of the Newcastle bacilli isolated in this country have been of the 
mannitol-fermenting, non-gas-forming type. Lactose and sucrose are not 
fermented and indol is not produced. According to Clayton and Warren^^ 
this species is immunologically homogeneous. Gross reactions with the 
Flexner bacilli, of which Boyd considers it a type, have been noted above. 
Less common than the Flexner and Sonne bacilli, the Newcastle bacillus 
is found in this country as elsewhere as a cause of baciUary dysentery; 
Hardy and his co-workers^^ reported a food-borne epidemic of 97 cases in 
a hospital, and Kuhns and Anderson^^ reported a fly-borne epidemic in an 
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5oyd: Jour. Hyg., 1938, 38:4ni\ Trans. Roy. Soc. Trop. Med. Hyg., 1940, 33*553. 
5ee Wheeler: Amer. Jour. Pub. Health, 1944, 34:621. 
llayton and Warren; Jour. Hyg., 1929, 23:355; ibid.^ 1929, 29.191. 
lardy, Frant, Jarcho and Schlosser: Pub. Health Repts., 1940, 55:2101. 
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army camp involving 1557 cases. Since attenlion has been directed to this 
organism in recent years, it is likely that it will be observed more frequently 
than in the past. 

Bacterium Ambiguum (Schmitz bacillus, Shigella arnbigua). — First 
described by Schmitz^^^ as the cause of dysentery in a Rumanian war prison 
camp, this bacillus has come to be generally regarded as constituting an 
authentic division of the dysentery group. It resembles the Shiga bacillus 
in that it does not ferment mannitol but differs in that it produces indol. 
This species is immunologically homogeneous and distinct from the other 
dysentery bacilli, although showing some cross-reactions with Shiga bacilli. 
It forms an endotoxin similar to those produced by the other dysentery 
bacilli.^^ Bad. ambiguum has been found in India, the Sudan and other 
localities, and, although rare in the United States, was implicated in an 
extensive institutional outbreak in New York.^^ 



Fig. 75 . — Bacterium alkalescens. Smear from a pure culture. Fuchsiti; X 1050. 


Bacterium Alkalescens (Shigella alkalescens). — -Bad. alkalescens was 
described by Andrewes^® in 1918. Unlike the other dysentery bacilli, these 
bacilli ferment dulcitol. For some time they have been regarded as of un- 
certain pathogenicity but evidence is accumulating which indicates that 
they are associated with disease. They have been found associated with 
sporadic enteric disease, and a small epidemic has been reported recently.^^ 
They are also pathogenic for experimental animals.^^ 

Strains o^Bact. alkalescens have been regarded as biochemically distinct 
and immunologically homogeneous. Stuart, Rustigan, Zimmermann and 

Schmitz: Ztschr. f. Hyg., 1917, 54:449. 

Cf. Haas: Ztschr. f. Immunitatsforsch. u. Exp. Therap., 1938, 94:480. 

Schliefstein and Coleman: Jour. Inf. Dis., 1937, 6i:2S7. 

Andrewes: Lancet, 1918, i:560. 

2°Felsen and Wolarsky: New York State Jour. Med., 1940, 49:1303; Stuart et aL: 
Jour. Immunol., 1943, 47:425. 

Edward: Jour. Path. Bact., 1940, 5f:245. 
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Corrigan, however, have found that the species is made up of a graded 
series of biochemical types. They have also demonstrated the presence of 
five antigens, two major antigens designated A and B, and three minor 
antigens, C, D and E, in these hacilli; A, B and C are present in all 
typical strains, while D and E occur singly or in combination to give four 
subtypes. They are immunologically related to the colon bacilli through 
the paracolon group. Two immunologically unrelated types have been 
described and designated type II and type III in distinction to the 
original or type I. Whether these should be classified as Bact. alkalescens 
is possibly open to some question. 

Bacterium Sonnei (Sonne’s Group III, Duval’s bacillus, Shigella 
sonnei), — Lactose-fermenting dysentery bacilli discovered by DuvaP^ in 
1904 have since been rediscovered by quite a number of observers. By force 
of usage these bacteria have come to be known as the Sonne type. The 
Sonne bacillus ferments mannitol and does not produce indol ; it is sero- 
logically distinctive and homogeneous. Glynn and Starkey have reported, 
however, that there are two immunological types of Bact. sonnei which 
they designate I and II. Type I contains one antigen in predominance, 
while type II contains both antigens in equal amounts. The difference in 
agglutination titers is of practical importance and type II antiserum is 
the one of choice. The lactose fermentation is slow and may be delayed for 
a week or ten days, and strains of this type were doubtless confounded 
with Flexner bacilli by the earlier workers. It is probably considerably more 
common in the United States than appears in the records. It has also been 
reported in warmer countries, and perhaps a more detailed study of the 
differentiation of the mannite-fermenting bacilli would increase the amount 
of dysentery properly ascribable to this microorganism. 

The slow lactose fermentation would appear to relate Bact. sonnei to 
members of the colon group and in particular the so-called paracolon 
bacilli, but their immunological homogeneity tends to set them off. 

Bacterium Dispar (Shigella madampensis) . — Other lactose-fermenting 
dysentery bacilli were designated Bact. dispar by Andrewes.^® Some of 
Andrewes’ strains were Bact. sonnei, but the type now termed dispar differs 
from the Sonne type in that sorbitol is not fermented and indol is not 
formed. Bact. dispar is serologically heterogeneous and not related to Bact. 
sonnei but appears to be related to certain Flexner strains. Carpenter^® 
found that a group of 37 strains could be separated into three immuno- 
logical types, two related to, one another and the third independent. It 
may be noted that Bergey has set up still another species. Shigella ceylo- 
nensis, which differs from Bact. dispar in that it ferments dulcitol. 

Pathogenicity for Man. — The serum of patients suffering from acute 
dysentery agglutinates one or another type of dysentery bacillus in high 
dilutions. This fact and the constant occurrence of the same type of bacillus 

22 Stuart, Rustigan, Zimmermaim and Corrigan: Jour. Immunol., 1943, 47:425. 

23 Assis: O Hospital, 1939, f5:447 ,655; Neter: Proc. Soc. Exp. Biol- Med., 1944, 57:200. 

2^ Duval: Jour. Amer. Med. Assn., 1904, 4^:381. 

23 Glynn and Starkey: Jour. Bact., 1939, ^7:315.^ 

2® Carpenter: Proc. Soc. Exp. Biol. Med., 1943, 53:129- 
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in the stools strongly suggest a causal relation in spite of the fact that the 
dysentery bacilli cannot, like the typhoid bacillus, be cultivated from the 
blood of the patients. Laboratory infection with a pure culture of the 
Flexner bacillus has occurred.^^ 

The incubation period of bacillary dysentery is generally short, about 
forty-eight hours, and the disease may be acute or tend to run a chronic 
course. Apart from the inflammatory, sometimes ulcerative or diphtheritic, 
lesions in the intestine (ulcerative colitis), the anatomical picture of dysen- 
tery presents little that is characteristic- The liver abscesses that are found, 
as a rule, in amebic dysentery are absent in the bacterial diseases, one series 
having been reported of 1130 cases of bacillary dysentery without a single 
abscess. Dysentery bacilli are sometimes found in immense numbers in the 
dejecta, often in almost pure culture. They may be found at autopsy in 
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WEEKS AFTER RECOVERY 

Fig. 76. — ^The persistence of dysentery bacilli in the feces of convalescents. Prepared 
from data of Watt, Hardy and DeCapito: Pub. Health Repts., 1942, 57:524. 

the mesenteric glands, but, as a rule, not in the spleen or other internal 
organs, nor do they commonly occur in the blood or urine. Bacillary dysen- 
tery is, therefore, not a septicemia but an infection localized in the ali- 
mentary tract, in this respect resembling Asiatic cholera rather than 
typhoid fever. 

The dysentery toxin is excreted in rabbits, and probably in man, by the 
large intestine. The selective action of the toxin upon the tissues, rather 
than any local action of the bacilli themselves, appears to be responsible 
for the inflammation and other local changes. When the toxin is introduced 
directly into the gut, no symptoms are produced, indicating that the toxin 
primarily affects the deeper cells rather than the surface of the mucous 
membrane. 

27 Lippincott: Jour. Amer. Med. Assn., 1925, 55:901. 
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In the large series of cases studied in Denmark caused by the Sonne and 
Flexner types the case fatality was about 2 per cent. The Shiga bacillus 
dysentery of the tropics is much more often fatal (20 per cent). The clinical 
disease is considerably more severe in the Shiga infections than in Flexner 
infections, and complications, such as arthritis, are almost invariably 
associated with the former type of infection. 

The relation of dysentery bacilli to summer diarrhea of infants is 
obscure. Some investigators have isolated dysentery bacilli from the ex- 
creta, particularly in those cases where there is mucus in the stools. Those 
cases with which dysentery bacilli are associated do not appear to differ 
clinically from those in which they are not found, and it is uncertain just 
what proportion of cases of infant diarrhea is caused by the dysentery 
bacilli. 

BIOCHEMICAL SEPARATION OF THE DYSENTERY BACILLI, 
dextrose + 


mannitol ~ 


mannitol + 


indol -}- indol — 

Bact. ambiguum Bad. shigae 


lactose + (late) 
Bad. sonnei 


lactose — 


dulcitol — dulcitol + 


Bad. jlexneri Bad. alkalescens 

Carriers . — It is probable that dysentery bacillus infection is very com- 
mon, many of the infections going unrecognized because of the mildness of 
the symptoms. Persons with such infections are, of course, convalescent 
carriers who continue to discharge the bacilli for an average of three to 
five weeks. The chronic carrier of dysentery bacilli does not appear to be 
important; possibly a condition analogous to that of the chronic typhoid 
bacillus carrier does not exist. In any case, it is the casual carrier and 
changing groups of casual carriers or ambulatory cases, as noted above, 
that are of primary importance in the maintenance and spread of the 
infection. Hardy and Watt^^ found a Shiga bacillus carrier rate (persons 
with no history of diarrhea in the previous year) of 3.8 per cent in New 
Mexico, Georgia and Puerto Rico, hut only 0.1 per cent in New York City. 

Bacteriological Diagnosis of Bacillary Dysentery. Since, as indi- 
cated earlier, dysentery is a clinical rather than an etiological entity, the 

Hardy and Watt: Pub. Health Repts., 1942, 57 ;524. 

Wilson and Blair: Brit. Med. Jour., 1941, ii:501. 

Thomas and Huhne: Lancet, 1942, u.*321. 
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causative microorganism must be isolated and identified to allow a diagnosis 
of bacillary dysentery. The bacilli may be found in fecal specimens and 
rectal swabs are cultured for the detection of carriers. The methods of 
enrichment culture and direct plating are essentially those used in the 
isolation oi Salmonella and the typhoid bacillus. Desoxycholate-citrate and 
S-S agars are the most useful of the agar media; bismuth-sulfite is not suit- 
able because species other th.Bi\BacL flexneri are inhibited. A tellurite-iron- 
rosolic acid medium has been developed by Wilson and Blair^® which is 
said to give good results,^® but has not as yet been generally used. Colonies 
are picked and identified by fermentation reactions and slide agglutination; 
the latter may include typing of the Flexner strains. 

Epidemiology. — Infections caused by dysentery bacilli are probably far 
more common than is generally recognized. Attacks of severe illness grade 
off into mild and almost trivial attacks of simple diarrhea. Several outbreaks 
of typical “food poisoning” attributed to the Sonne bacillus are on record. 
In a number of localities where careful bacteriological studies have been 
made, dysentery bacilli have been found widely distributed both in patients 
with gastro-intestinal derangements and in the general population. 

Dysenteric infections seem to be most common in hot countries and in 
the summer months in temperate climates, although they may occur at 
any season of the year. The spread of the disease is due to the more or less 
direct transfer of the specific bacillus from infected intestinal discharges 
to the alimentary tract of a fresh individual. Polluted water may t)lay a 
part in some outbreaks but is apparently not nearly so important a factor 
in dysentery as it is in typhoid fever. Improper disposal of excreta per- 
mitting dissemination by flies, and the contamination of food by chronic 
carriers and convalescents appear to be the most important factors in the 
spread of bacillary dysentery .The rdle of insects, especially flies, is prob- 
ably an important one and the seasonal incidence of bacillary dysentery is 
in keeping with this. In the epidemic reported by Kuhns and Andcrsoid^ 
infected flies were caught in kitchens and operating latrines; similar reports 
are not common. The decline in diarrhea and enteritis of the last few 
decades is very likely a reflection of the general improvement in sanitary 
conditions. 

At the present time in temperate climates dysentery flourishes especially 
in insane asylums and o ther large institutions, where lack of personal hy- 
giene among the inmates favors the transfer of infection. In the Denmark 
investigation endemic asylum dysentery was found to be a serious and 
prevalent disease. Whenever it gains a foothold in these institutions it 
seems to be kept alive chiefly by chronic carriers and proves an obstinate 
problem. Weekly bacteriological examination in one institution showed 
that more than 50 per cent of the dysentery patients continued to excrete 
dysentery bacilli for long periods — ^in one case over four and one-half years. 
Epidemic bacillary dysentery is also a disease of armies in the field, where 
opportunities for the dissemination of infection are frequently very great 
and extensive outbreaks are common. 

Although in small outbreaks a single type of dysentery bacillus may be 
found, in the larger outbreaks more than one type is almost always ob- 
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served. The Shiga and Flexner types generally predominate in such out- 
breaks of mixed etiology, while other types are in the minority. The manni- 
tol fermentation is, then, a differential test of great practical importance. 
The most common types in this country appear to be Flexner, Sonne, 
Schmitz and Bact. alkalescens in that order. 

Immunity. — ^Antibodies, agglutinins, are formed in response to infection 
with dysentery bacilli, usually appearing after the sixth day. The titer is 
relatively low as a rule. The diagnostic significance of agglutinins is some- 
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Fig. 77. — The prevalence of dysentery in the Registration Area since 1900 as in- 
dicated by the uncorrected death rates. From data compiled by the Bureau of the 
Census. 

what uncertain largely because “normal” agglutinins are common. Normal 
serum commonly agglutinates Bact. shigae in 1:20 dilution but a titer of 
1:40 or higher is suggestive of infection. Agglutinins for Bact flexner i occur 
in much higher titer, as high as 1 : 150 in normal serum, and the titer is fre- 
quently increased in infections with other species of dysentery bacilli. 
Flexner agglutinin has, then, very little diagnostic value unless it is to high 
titer and agglutinins for Shiga and typhoid bacilli are absent. Agglutinins 
to the Newcastle bacillus, Bact. ambiguum and ^acf. alkalescens occur only 
in low titer. BacL sonnei is often agglutinated to titers as high as 1 : 50 by 
normal serum, and, though the titer may occasionally be very high in 
infection, sometimes little or no agglutinin response is apparent. 

Despite the immunological response evidenced by the appearance of 
agglutinins, there is little or no resistance to second attacks and no method 



422 The Enteric Bacilli: The Dysentery Bacilli 

of active immunization, other than to the soluble toxin of Bad. shigae, has 
yet proved effective in bacillary dysentery. In this connection it may be 
recalled that the infection is confined to the lumen of the intestine as a rule 
and in a very real sense remains outside the body. Bacillary dysentery, then, 
differs from typhoid fever in the important respect that the bacilli do not 
invade the tissues and consequently are not exposed to the action of cir- 
culating antibody and phagocytic cells. Possibly this accounts, at least in 
part, for consistent failure to develop an effective immunity to infection 
with these bacilli. 

Pathogenicity for Lower Animals. — ^As pointed out above, the cell 
substance of the dysentery bacillus is markedly toxic to experimental ani- 
mals upon parenteral inoculation- The Shiga bacillus is by far the most 
toxic. Considerable quantities of the other dysentery bacilli are required 
to elicit symptoms of toxemia. Feeding with dysentery baciUi is generally 
not successful, though the administration of large doses of living bacilli 
has resulted in dysenteric symptoms in cats and rhesus monkeys- Lower 
animals apparently do not suffer from bacillary dysentery under natural 
conditions, although it is not uncommon to isolate Bad. flexneri from 
monkeys in the laboratory that develop enteric symptoms. 
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THE CHOLERA VIBRIO AND RELATED FORMS 


Family: Pseudomonadaceae. Tribe: Spirilleae. Genus: Vibrio. Short, bent rods, rigid, 
single or united end-to-end in spirals. Motile by a single (or rarely, 2 or 3) polar flagellum. 
Many species liquefy gelatin. Aerobic, facultative anaerobic. Non-spore-forming, gram- 
negative. Water forms; a few are parasites. Type species: Vibrio comma. 


Although Asiatic cholera has doubtless smoldered endemically in parts 
of India for many centmries, the year 1817 marked its first considerable 
extension beyond the borders of that country. Europe was first invaded in 
1831, and since that date a series of great epidemics has carried the disease 
over a large part of the civihzed world. The disease was brought to New 
York by Irish immigrants during the pandemic of 1832-33 and in the pan- 
demic of 1846-62 invaded the United States via New Orleans (1848) and 
spread up the Mississippi Valley. The fourth great pandemic, that of 
1864-75, affected Asia, Africa, Europe and America. The causal agent of 
the disease, the cholera vibrio, was discovered in 1883 by Koch^ in the 
intestinal discharges of cholera patients. Similar microorganisms were de- 
scribed by later workers in infected water and elsewhere, and now a number 
of species are known. In general, however, these other vibrios are non- 
pathogenic and have been studied in terms of their relation to the cholera 
vibrio and are, therefore, not particularly well known. Of what is now a 
fairly sizable group, only two species are pathogenic, the microorganism 
discovered by Koch and variously termed Spirillum cholerae asiaticae 
(Koch), Spirillum cholerae. Vibrio cholerae, the comma bacillus, and Vibrio 
comma (Bergey) ; and a vibrio pathogenic for pigeons and guinea pigs. Vibrio 
metchnikovii. 

VIBRIO CHOLERAE 

Morpliology and Staining. — The cholera vibrio is a short, shghtly 
curved and twisted rod, 1.5 to 3 pi in length and 0.4 to 0.6 p in breadth. It 
may occur singly or in chains which have the appearance of short spirals 
or S-shaped forms (two cells). The straight and spiral threads formed in 
the pellicle of liquid gelatin cultures are usually regarded as involution 
forms. Cultures that have been maintained for a long time on agar often 
lose the curved form and appear as straight rods, but resume the more 
characteristic form when passed through animals. The vibrios are actively 
motile by a single polar flagellum which is shorter than the flagella of most 
bacteria. Spores are not formed. The cholera vibrio stains readily with the 
ordinary aniline dyes and is gram-negative. 

Colonies on agar media €^6 similar to those of the other enteric bacilli, 
but may be distinguished from those of Bad. coli by their thin, opalescent 

1 Koch: Ber. klin. Wchnschr., 1884, 21:477, Brit. Med. Jour., 1884, ri*:403, 453. 
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appearance. Tbey are 1 to 2 min. in diameter, low, convex and grayish- 
yellow in color, with a finely granular consistency^ which is accentuated 
under low magnification. Some strains are hemolytic on blood agar while 
others are not (see below). 

Physiology. — ^The cholera vibrio is strongly aerobic and only very sparse 
growth appears under anaerobic conditions, and then on prolonged incu- 
bation. It grows over the temperature range of 16® to 42° C. with an opti- 



Fig. 78 . — Vibrio ckolerae; broth culture two days old; fuchsin stain; X 1000 (Frankel 

and Pfeiffer). 

mum growth at 37° C. An alkaline reaction is essential for good growth; 
the bacteria will grow over a pH range of 6.4 to 9.6 and are usually culti- 
vated at an alkaline reaction, pH 7.8 to 8.0. This marked tolerance for 
alkali is taken advantage of in the preparation of selective media for the 
isolation of the cholera vibrio, the pH of such media usually being about 9.5. 
They are not nutritionally fastidious and may be grown in peptone water. 


THE HEIBERG FERMENTATION TYPES OF VIBRIOS 


Sugar 

Type 

I 

II 

i 

Ill 

IV 

V i 

VI 

Sucrose 

-h 


-h 

+ 

- 


Mannose 
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- 

Arabinose 

- 

- 

+ 

4- 

- 



Fermentation reactions are variable and a number of carbohydrates, 
including dextrose, levulose, galactose, maltose, sucrose and mannitol, may 
be fermented with the production of acid but no gas. Lactose, inulin and 
dulcitol are not attacked. Heiberg^ has studied the fermentation reactions 
of the vibrios at some length and has arrived at six fermentative types on 
the basis of the fermentation of sucrose, arabinose and mannose which are 
known as the Heiberg types. Type I is characterized by the fermentation of 
2 Hdbcarg: C- R. Soc. Biol., 1934, fi5.*984. 
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sucrose and mannose but not arabinose, and contains all of the cholera 
vibrios and some non-cholera varieties. Starch is hydrolyzed- Both coagu- 
lated serum and gelatin are liquefied. Stab cultures in gelatin often develop 
a small turnip-shaped area of liquefaction at the surface, which by evapora- 
tion of the fluid leaves a bubble-like depression, while in some growth little 
or no liquefaction occurs along the needle puncture. Other vibrios besides 
the cholera vibrio, however, produce this same type of liquefaction. Growth 
in milk does not produce any visible change for some time, but a slow 
peptonization without coagulation appears on continued incubation. Hy- 
drogen sulfide and indol are produced and nitrates are reduced to nitrites. 
The addition of sulfuric acid to a cultinre of the cholera vibrio in nitrate- 
peptone broth results in the development of a red color — the so-called 
“cholera-red reaction.” This is, of course, the nitroso-indol reaction and is 



Fig. 79 . — Vibrio cholerae (left) and the vibrio of Finkel and Prior (right), showing the 
single polar flagella. X 2000 (Kjral). 

given by any bacterium, as the colon bacillus for example, that both reduces 
nitrate and produces indol. Other vibrios give this reaction also. 

The question of the hemolytic activity of the cholera vibrio has been of 
considerable importance in relation to its differentiation from the closely 
related El Tor vibrios. The term hemolysis, when applied to the vibrios, 
refers to hemolytic activity as determined by the Grieg test in which a 3 per 
cent suspension of goat erythrocytes is mixed with an equal quantity of 
twenty-four-hour broth culture of the vibrio and read after two and four 
hours’ incubation at 37® C. By this test the cholera vibrio is non-hemolytic.® 
As indicated above, however, some strains of the cholera vibrio are hemo- 
lytic on blood agar. The apparent contradiction has been resolved by van 
Loghem^ in particular, who has shown that in the case of this bacterium at 
least, blood plate hemolysis is a hemodigestive process and basically dif- 
ferent from the liberation of hemoglobin from suspensions of erythrocytes. 

^ For a recent study see Read, Pandit and Das: Indian Jour. Med. Res., 1942, Jd:183. 

^ Cf. van Loghem: Centralbl. f. Bakt., I Abt., Orig., 1913, 6“7:410. 
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The resistance of the cholera vibrio to various injurious influences is not 
great. It is killed by moderately high temperatures (ten minutes at 55° C.) 
and is destroyed quickly by chemical disinfectants. It is particularly sensi- 
tive to drying; if a drop of broth culture be dried on a slide, the vibrios are 
all dead in about two hours. It does not survive long in association with the 
ordinary saprophytic bacilli of soil and water, and whether it is able to 
multiply outside the body in impure water is uncertain. Upon the surface 
of vegetables and frxiits kept in a cool, moist place the vibrios may 
remain viable for from foxn* to seven days. The slight resistance of the 
cholera vibrio, especially its sensitiveness to drying, explains the rapid 
and complete disappearance of cholera in once infected localities, and also 
the circumstance that the disease is rarely, if ever, air-borne. 

The biochemical structure of the vibrios has been studied at some length 
by Linton and his co-workers.® They have described three types of poly- 
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Fig- 80. — Colonies of the cholera vibrio on Vedder and Van Dam’s medium. The 
magnification and lighting accentuate the granular structure of the colonies which does 
not usually appear so pronoimced. X 6. 


saccharide and two types of protein present in the cholera and related 
vibrios. The polysaccharides were differentiated on the basis of their hydrol- 
ysis products; that designated type I was made up of galactose and an 
aldobionic acid (galactose and glucuronic acid), type II of arabinose and 
aldobionic acid, and type III was a polymer of glucose. The two protein 
types, both globulins, were differentiated on the basis of racemization, i. e., 
optical activity of the hydrolyzed protein before and after alkali racemiza- 
tion. These substances occurred in combinations to give six groups of vi- 
brios, the cholera vibrios falhng into groups I and II which contained the 
same protein but polysaccharide types I and IT respectively. The signifi- 
cance of these observations is by no means clear. It is evident, however, 
that the polysaccharide bears no relation to the immunological character 
of the vibrios for the cholera vibrios are immunologically homogeneous 
5 Summarized in the review by Linton: Bact. Rev., 1940, 4.-261. 
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(see below),. and it is inconceivable that galactose- and arabinose-contain- 
ing polysaccharides should show identical immunological specificity. 
Apparently neither the protein nor polysaccharide fractions are associated 
with the endotoxin. 

Toxin. — The evidences of profound toxemia in human infections with 
the cholera vibrio are strongly suggestive of the formation of toxic sub- 
stances by this microorganism. It was early shown by Pfeiffer® that, while 
filtrates of young broth cultures were only slightly toxic, vibrios killed 
with heat or chloroform from young agar cultures were markedly toxic 
to guinea pigs on intraperitoneal inoculation. The toxicity of cell-free 
filtrates of old broth cultures led a number of the earlier investigators 
to the conclusion that a soluble exotoxin is produced. It is now estab- 
lished, however, that no exotoxin is formed and the toxicity of old broth 
cultxires is attributable to dissolution of the vibrios and the liberation of 
endotoxin. 

The endotoxin is heat stable and it was early found by Metchnikoff to 
be diffusible through collodion sacs.^ The isolation of a toxic protein has 
been reported by some workers® and the toxicity has been extracted by 
the trichloracetic acid method.^ On the basis of the latter observations it 
has been assumed that the toxin is a polysaccharide-lipid complex similar 
to those isolated from typhoid and dysentery bacilli; this conclusion is not, 
however, supported by unequivocal evidence. More recently it has been 
found^® that the cholera toxin is associated, and possibly identical, with 
a dialyzable phospholipid which may be extracted from the intact vibrios 
with organic solvents such as alcohol, ether and chloroform. 

Though in general the pharmacological activity of the bacterial endo- 
toxins is not characteristic, it has been reported^^ that the intravenous in- 
oculation of experimental animals with toxic preparations produces a diar- 
rhea and pathologic changes in the intestine and kidneys not unlike those 
observed in human cholera. It has been shown by Burrows, Wagner and 
Mather^2 that piuified toxin markedly increases the permeability of the 
isolated strip of intestine to fluids. In any case, the cholera toxin seems to 
have a special affinity for the epithehum and causes a shredding of the 
epithelium of the intestine and gallbladder in human cholera. 

The antigenicity of the cholera toxin has been open to some question 
for, in general, the antitoxic qualities of cholera antiserum are only feeble 

® Pfeiffer: Ztschr. f. Hyg., 1892, fi:393; Pfeiffer and Wassermann: ibid., 1893, 
f4.*46. 

^ For more recent studies see Basu, ChaudJiury and Basu: Calcutta Med. Jour., 
1940, 5d.*571; and Banerjee: Jour. Indian Med. Assn., 1942, ff:95. 

® Galeotti: Centralbl. f. Bakt., I, Orig., 1912, 67:22S; SanareUi: Ann. Inst. Pasteur., 
1920, 34:S70; Halm and Hirsch: Centralbl. f. Bakt., I, Orig., 1927, 104:211; ibid,, Klin. 
Woch., 1927, 0:312; ibid., Ztschr. f. Hyg. u. Infektionskr., 1929, fi0:355. 

® Cbeccacci: Boll. Inst. Sieroterap. Milanese, 1939, i8 :391; Raynal, Lieou and Feissole: 
Rev. Immunol., 1939, 5:317; ibid., 1940, 0:132; Damboviceanu and Barber: G. R. Soc. 
Biol., 1940, i33 :S01; Gallut: Ann. Inst. Pasteur, 1943, 09:123. 

Burrows: Proc. Soc. Exp. Biol. Med., 1944, 57:306. 

Hahn and Hirsch: Klin. Woch., 1928, 7:2483; Gosh: C. R. Soc. Biol., 1933, il2:ll76; 
Pham: ibid., 1935, li9:78. 

12 Burrows, Wagner and Mather: Proc. Soc. Exp. Biol- Med., 1944, 57:311. 
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at best. Some workers have, however, reported^s the preparation of effective 
antitoxin. The purified lipid toxin has been found to be antigenic in that 
antisera to it show marked protective qualities as measured by the mouse 
protection test.^^ 

Antigenic Structure. — The first demonstration of bacterial aggluti- 
nation with homologous immune serum by Gruber and Durham^® was the 
agglutination of the cholera vibrio and the typhoid bacillus. It was soon 
apparent that the agglutination reaction was specific and it has been used 
for the identification of the cholera vibrio since. The antigenic structure of 
the cholera and related vibrios has, therefore, been of considerable interest 
in connection with the differentiation of V, cholerae. 

The existence of serologic types within this group was shown by J apanese 
workers. Kabeshima^® demonstrated the existence of two types by cross 
absorption and designated one “original” or J, and the other “variant” or 
F. A third serologic type was foimd by Nobechi^^ which he designated 
“intermediate” or “middle” since it appeared to have affinities with the 
other two. The “original” and “variant” types, sometimes called “end 
types” are now known as Inaba and Ogawa types respectively, and the 
“middle” type is called Hikojima. AU three are equally capable of causing 
epidemic cholera, but Inaba is the most common, practically the only type 
in India, and Hikojima is found least often. 

It was shown by Balteanu^^ that the vibrios, like other motile bacteria, 
contain both heat-stable, somatic, or 0 antigen and heat-labile flagellar or 
H antigen. Shousha^^ found that the O antigen of the cholera vibrio is 
specific, while the H antigen is shared with a variety of non-cholera vibrios 
such as water vibrios and the like. Gardner and Yenkatraman^o have carried 
this analysis further and found that most vibrios can be differentiated into 
six groups which they designated by Roman numerals based on the speci- 
ficity of the 0 antigen. Group I contains all of the cholera vibrios and some 
El Tor vibrios. Serological identification of the cholera vibrio, therefore, 
requires the use of specific 0 antiserum. Since the El Tor vibrios are hemo- 
lytic, the cholera vibrio is defined as a non-hemolytic member of Group I. 
Gardner and Venkatraman account for the specific agglutination of earlier 
workers on the basis that O agglutination occurs more rapidly than H 
agglutination and hence was observed first. The differentiation of the Japa- 
nese types is a consequence of slight differences in the 0 antigens. A curious 
terminology has crept into the cholera literature with respect to agglu- 
tination; it is said that a strain which is agglutinated by specific antiserum 
is “agglutinable” while those vibrios which are not agglutinated by cholera 
^^Pottevin: Bxill. Soc. Path. Exot., 1913, ^.*409; Horowitz: Ztschr. f. Immunitatsf., 
1913, 19:44; Bail: ihid,, 1916, 25:248; ibid., 1917, 26:97; Hahn and Hirsch: Gentralbl. 
f. Bakt-, I, Orig., 1927, 194:211; i6id., Ztschr. f. Hyg. u. Infektionskr., 1929, 119:355; 
Andu and van Niekerk: Gentralbl. f. Bakt., I, Orig., 1929, 112:519. 

Burrows, Mather, Wagner and McGaim: Proc. Soc. Exp. Biol. Med., 1944, 57:308 
^ Gruber and Durham: Muench. Med. Woch., 1896, 45:285. 

Kabeshima: as early as 1912; original articles in Japanese, cited by Nohechi. 

Nohechi: Sci. Kept. Govt. Inst. Inf. Dis., Tokyo, 1923, 2:29, 43. 

Balteanu: Jour. Path. Bact., 1926, 29:251. 

Shousha: Jour. Egypt. Med. Assn., 1931, p. 438. 

Gardner and Venkatraman: Jour. Hyg., 1935, 55:262. 
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antiserum are called “inagglutinable” despite the fact that they are readily 
agglutinated by homologous antiserum. 

Variation. — The cholera vibrio is well known for its tendency to develop 
bizarre involution forms. These are found not only in old cultures and cul- 
tures grown under somewhat adverse conditions, such as increased salt 
concentrations, but also are produced by the inclusion of substances such 
as glycine or alanine in the medium.^^ Such changes in morphology are also 
associated with the usual type of S-R dissociation which occurs readily 
under the influence of bacteriophage, lithium chloride, etc., the rough 
variants showing distinctive colonial character, spontaneous agglutination 
in salt solution, etc. 

The immunological changes associated with the S-R dissociation have 
been studied in some detail by White. He^^ has found that four groups of 
rough variants are immunologically distinguishable, and his Group A ap- 
pears to correspond to the Group I of Gardner and Venkatraman. Fur- 
ther degeneration to the so-called p variants results in a loss of specific O 
antigen. An independent type of variation, rugose-non-rugose, may be in- 
duced, and the rugose strains of S, R and p variants contain an O antigen 
that is common to both members of Group A and vibrios of other groups.^ 
A somatic protein antigen has been isolated by White^^ which is common 
to all known variants and shows wide cross-precipitin reactions through- 
out the vibrio group, although it appears not to be concerned in the 
agglutination reaction. 

PatHogenicity for Man. — The causal connection between Asiatic chol- 
era and the microorganism discovered by Koch has been demonstrated by 
a number of laboratory accidents. One of the first occurred in Koch’s labora- 
tory, and other infections resulting from the accidental swallowing of cul- 
tures of the cholera vibrio have been noted since. In one instance the 
swallowing was dehberate; Pettenkofer and Emmerich voluntarily swal- 
lowed a small quantity of broth culture of “Koch’s vibrio” and as a result 
developed cholera. 

Both laboratory cases of cholera and those cases contracted naturally 
in the course of epidemics are marked by great differences in the suscep- 
tibility of different individuals. This is probably a consequence in part of 
innate individual differences in natural resistance, and in part to predis- 
posing factors. Fatigue, the excessive use of alcohol, and various factors 
leading to mild, non-specific gastro-intestinal derangements, predispose in 
a marked degree to attacks of cholera. 

The incubation period is short; it is usually given as three to five days 
but may occasionally be as short as twenty-four hours. When the vibrios 
have entered the small intestine and established themselves they multiply 
rapidly and, with autolysis and dissolution of the cells, endotoxin is liber- 
ated and symptoms appear. There are two clinical stages, the first that of 
vomiting and profuse diarrhea with the characteristic ricewater stools con- 

Gordon and Gordon: Jour. Path. Bact., 1943, 55:63. 

22 White: Jour. Hyg., 1935, 55:347. 

23 White: Jour. Path. Bact., 1940, 50:160. 

24 Ibid,, 1940, 50:165. 
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taining flakes of mucus, shed epithelial cells and enormous numbers of the 
vibrios. With the tremendous loss of fluid dehydration and hypochloremia 
become marked, and collapse, the algid stage, ensues with circulatory failure, 
subnormal temperature and anuria. Death may occur in either the first or 
second stage. The case, fatality rate is over 50 per cent in untreated cases 
and about 30 per cent in treated cases. 

At autopsy the small intestine shows marked destruction of the epithelial 
lining and a characteristic subepithelial edema. It is generally said that 
ulceration does not occur in cholera, but Goodpasture^^ has shown that 
desquamation of the epithelium is followed by ulceration if the patient 
survives long enough. Other changes are not characteristic and include a 
prominence of lymphoid tissue and cloudy swelling of the kidneys.^® 

Cholera in man appears to be largely, if not entirely, a toxemia, for the 
infection is confined to the lumen of the intestine and vibrios are found in 
the organs only rarely. It is not altogether clear whether toxin is absorbed. 
In the opinion of many the profound dehydration and hypochloremia and 
consequent impairment of renal function are sufficient to cause the clinical 
symptoms and pathology. 

Carriers . — On recovery the vibrios disappear rapidly and are discharged 
for only a short time. In the series of 200 cases studied by Ying^"^ 98 per 
cent were negative by the end of the second week, only a few giving positive 
cultures as late as the third and fourth weeks. There appears to be no 
chronic carrier state established in cholera. The statements in the litera- 
ture regarding chronic carriers refer to persons who discharge ‘‘aggluti- 
nable” vibrios of the El Tor type; a chronic cairrier of typical virulent chol- 
era vibrios has never been observed.^^ It is probable that casual carriers 
occur during epidemics but in no instance has this been demonstrated 
bacteriologically. While the convalescent carrier, and possibly the casual 
carrier, may play some part in the spread of the disease, the case, especially 
in the incubation period, is probably by far the most important source of 
infection. 

Bacteriological Diagnosis of Asiatic Cholera. — As indicated above, 
the vibrios are present in the ricewater stools in very large numbers and 
can usually be isolated from fresh specimens without difficulty. At times 
they are present in sufficient numbers that they can be found in stained 
smears, preferably made from a flake of mucus. Both enrichment and direct 
streaking of agar media are used for culture. For enrichment a few drops of 
the stool are added to a tube of alkaline (pH 8.0 to 9.0) peptone water. 
The vibrios grow much more rapidly than the other intestinal bacteria and 
after six to eight hours’ incubation form a thin film of growth on the surface 
of the medium which can be smeared and stained, and streaked on agar. 

A number of agar media have been used for isolation of the cholera vi- 
brio, including starch-phenolphthalein agar and the alkaline blood medium 


Gkx)dpasture: Philippine Jour. Sci., 1923, 22:413. 

The pathology is summarized briefly by Baneriee: Jour. Indian Med. Assn., 1939, 
8:Z9. 


Ying: Chinese Med. Jour., 1940, 5^:595. 

The carrier question is discussed by Couvy : Bull. Office Internat. d’Hyg. Publioue, 
1933, 25:1149. 
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of Dieudoime. The latter has been the most generally used. In its prepara- 
tion an excess of alkali is added and the poured plate must be ripened, £,e., 
left partly open in the incubator for twenty-four hours to allow the evolved 
ammonia to escape. With storage the pH continues to drop and the medium 
becomes less selective and unsatisfactory. The alkaline hemoglobin medium 
of Vedder and 'Van Dam®° is buffered with glycine, requires no ripening, 
and the pH remains constant at 9.5 with storage. It possesses all the advan- 
tages and none of the disadvantages of Dieudonne's medium. It is some- 
times implied that these media with a pH at the upper limit of tolerance 
of the cholera vibrio are so highly selective that few if any oth^r intestinal 
bacteria will grow on them. This is not true, for micrococci may be found 
in abundance on such plates; the writer has observed counts of 1000 million 
bacteria per gram of normal guinea pig feces on both Dieudonne’s and 
Vedder and Van Dam’s media. However, colonies of the cholera vibrio are 
readily distinguished and may be picked and identified by slide aggluti- 
nation with monospecific 0 antisermn. With clinically typical cholera in 
an epidemic this is sufficient identification. A negative Grieg test, fermen- 
tation of sucrose and mannose and failure to ferment arabinose, and posi- 
tive indol and nitrite (cholera-red) reactions further substantiate the 
identification. 

Epidemiology. — As indicated earlier, the great endemic focus of Asiatic 
cholera is in India, especially in the delta of the Ganges River. Recent 
evidence has indicated that there is also an endemic area in China, in the 
valley of the Yuan River which flows into the Yangtse River through Tun 
Ting Lake.®^ Whether this is recently established or recently discovered is 
not known. In any case, the disease spreads out in epidemic form from 
these foci each year, occurring regularly throughout India, in the Yangtse 
Valley and along the China coast. The entire Far East is affected at one 
time or another, especially China and French Indo-China, and the disease 
appears from time to time in Manchuria and Japan. The last general out- 
break in the Philippine Islands was in 1934; a few cases appeared in 1935 
and 1936. The geographic distribution differs greatly from year to year and 
that indicated in Fig. 81 is only an approximation. 

Infection spreads to the west especially via the pilgrimages; pilgrims 
going from the delta of the Ganges to Arabia and Mecca transmit it to 
pilgrims from Egypt and Algiers. The quarantine stations at El Tor and 
Basra (see map) serve to keep the disease out of Europe in normal times 
though it seeps through into Iran and Iraq with some frequency. There 
was cholera in Europe during the Balkan War and the First World War 
and the disease occurred in epidemic form in Eastern Europe in 1921 and 
1922. There has been no cholera in the United States proper since 1911. 

As in the other enteric infections, the connecting fink in the dissemina- 
tion of cholera is between infected feces and the mouths of susceptible 
persons. In consequence, the disease is frequently water-borne and may be 
transmitted by any food ordinarily consxnned in the raw ^ate. The quanti- 

Vedder and Van Dam: Nederl. Tijdschr. v. Hyg. Microbiol, en SeroL, 1932, 7.*197. 

Robertson and PoUitzer: Trans. Roy. Soc. Trop. Med. Hyg., 1939, 33 : 21 ^. 
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tative importance of contact infection is not known. Cholera differs from 
the other enteric diseases, however, in the highly explosive character of 
the outbreaks, which is attributable to the short incubation period, the 
high case fatality rate, and its rapid and permanent disappearance when the 
outbreak has subsided- The last is due in part, perhaps, to the inability of 
the vibrio to survive long apart from the host, but more important is the 
limited duration of the convalescent carrier state and the absence of chronic 
carriers. In a sense cholera is one of the easiest to control of the highly con- 
tagious diseases for it cannot spread when sanitary facilities, i.e., sewage 
disposal, water supply, etc., are in efficient operation. A striking instance 



Fig. 81. — ^The approximate distribution of Asiatic cbolera. The precise distribution 
cannot be shown because of great variability from time to time. This represents an 
approximate distribution during the decade 1930-1940. Based in part on map prepared 
by Army Medical Intelligence, 1943, epidemiological reports of the League of Nations,^ 
and various authors- (Based on Goode Base Map No. 205. By permission of the Uni- 
versity of (Chicago Press.) 

of this was reported in the Balkan War in 1913 in which infection was 
widespread in the Bulgarian Army about Sofia, but cases in the capital 
were largely imported and the disease showed littie tendency to spread 
there; Sofia was efficiently sewered and had an excellent water supply. 
Contrariwise, th^ famous Broad Street Pump epidemic in London in 1854 
was made possible by the common use of a continuously infected well,^® 
and the Hamburg epidemic of 1892 arose from infection of the river Elbe. 
The Hamburg water supply was raw river water, but the neighboring city 

Eckert: Berlin. Klin. Woch., 1913, 50:2326. 

^Snoto on Cholera. The Commonwealth Fund. New York. 1936. 
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of Altona purified the water by sand filtration and remained free of the 
disease.^^ 

Immunity. — Antibodies, agglutinins and bacteriolysins, are produced 
by infection with the cholera vibrio but have no diagnostic utility because 
of late and irregular appearance. It is usually said that recovery from an 
attack of cholera confers an immunity to subsequent infection, but neither 
the quality of this immunity nor its duration is definitely known. It 
seems probable that the immunity is not of a high order and that it does 
not persist more than a year or two at the most. 

Active immunization of man with vaccines has been carried out for 
many years. The first vaccine was that of Haffkine (1893) who used a 
living attenuated culture in Spain and India.®® A heat-killed vaccine was 
used by Kolle, and was reported to give good results in Japan. Sensitized 
vaccines, i.c., vibrios treated with antiserum, have been investigated 
also.®® The cholera vaccine used at the present time in this country and in 
India is a saline suspension of killed vibrios, half the Inaba variety and 
half the Ogawa variety. Cholera vaccines are usually heavier than the 
vaccines prepared from other enteric bacilli, and contain 8 to 10 billion 
vibrios per cubic centimeter. Usually two doses of 1 cc. each are given a 
week apart, and a booster dose of 1 cc. every six months. 

It is not clear how effective active immunization is. Much of the reported 
evidence is open to criticism and not convincing. The difficulties of carrying 
out an adequately controlled experiment in man are, of course, very great 
indeed. The earher work was examined by Greenwood and Yule®^ who 
found it unconvincing on the whole, but there was a slight presumption in 
favor of inoculation. Most subsequent reports have been favorable with a 
few definitely unfavorable. In general it would appear that immunization 
confers some immunity to infection, but probably not of a high order. It is 
generally agreed that cholera is as severe in the inoculated as in the unin- 
oculated and the therapeutic use of antisera is apparently without effect. 
It may be noted that the problem of active immunization to cholera is very 
similar to that of bacillary dysentery (p, 421). 

Pathogenicity for Lower Animals. — Under natural conditions do- 
mestic animals and the animals used in the laboratory never contract 
cholera. It is possible to produce enteric infection with the cholera vibrio in 
the guinea pig by oral administration (by stomach tube) of very large 
numbers of the vibrios either suspended in edkaline buffer or following oral 
administration of bicarbonate, provided that intestinal motility has been 
reduced by prior administration of tincture of opium. The suckling rabbit 
may be similarly infected and is considerably more susceptible than the 
guinea pig, but after weaning cannot be infected. It is not clear how closely 
related these experimental infections are to human cholera. 


3^ Koch: Ztschr. f. Hyg., 1893, 14:393. 

35 A history of this work is given by Haffkine: Protective Inoculation Against Cholera. 
W. Thacker & Go. London. 1913. 

35 Cf. Takenouchi: Jour. Inf. Dis., 1920, 26:44!l. 

3^ Greenwood and Ynle: Proc. Roy. Soc. Med., Sec, Epidemiol, and State Med., 1915, 
5:113. 
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The guinea pig is susceptible to intraperitoneal inoculation of living 
vibrios and “intraperitoneal cholera” has been extensively studied by the 
earlier workers. Recently Griffitts®^ has shown that the virulence of the 
cholera vibrio for mice by intraperitoneal inoculation may be markedly 
enhanced by suspension in 5 per cent mucin; as few as 50 living vibrios 
may kill by this method. This will undoubtedly be of considerable utility 
in assay of virulence and active and passive immunity, but would appear 
to be quite unrelated to the enteric infection of man. 

Active or passive immunization of experimental animals to parenteral 
inoculation of the cholera vibrio is highly successful, and the usual immuni- 
zation procedures yield high titer antisera. The immunity so conferred is 
apparently almost wholly an antibacterial immunity for little antitoxic 
activity may be detected. It was shown by Pfeiffer^® that lysis of the vibrios 
by immune serum occurs readily. The Pfeiffer phenomenon may be demon- 



Fig. 82 . — Vibrio ckolerae in peritoneal exudate of a guinea pig. Note the swollen and 
aberrant forms. Gram stain; X 1250. 


strated in either actively or passively immunized guinea pigs by intra- 
peritoneal inoculation of living vibrios; if peritoneal fluid is withdrawn 
from time to time and examined, it will be found that the vibrios lose their 
motility, become swollen and misshapen and then disintegrate. The phe- 
nomenon may be produced in vitro with potent antiserum and complement. 

PARACHOLERA VIBRIOS AND NON-CHOLERA VIBRIOS 

For the most part as an adjunct to the study of the cholera vibrio, a 
considerable number of vibrios have been isolated from water and from the 
feces of individuals suffering from mild diarrheal disease, so-called cholera 
nostra. Some of these have been given place names such as Vibrio danu- 
bicus. Vibrio ghinda. Vibrio massauah, etc. A phosphorescent vibrio, Vibrio 
phosphor escens^ has been isolated from water, and Vibrio proteus from human 
feces. AU of these differ immunologically from the cholera vibrio, i.e., 

Giiffitts: Pub. Health Repts., 1942, 57:707. 

»» Pfeiffer: Ztschr. f. Hyg., 1894, i8:\\ ibid., 1895, 20:198. 
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belong to 0 Groups other than I, and have faded from general interest. 
Some may possibly have feeble pathogenic properties but in tropical and 
subtropical regions where diarrheal disease is common (and of varied eti- 
great numbers of vibrios are present in water used for drinking, 
it is not surprising that they are occasionally found in fecal specimens 
though unrelated to a disease condition. In general, the group of vibrios is 
very poorly known from the biological point of view. 

The El Tor Vibrios. — The best known of the so-called paracholera 
vibrios are those which were first isolated at the Tor quarantine station in 
1906^® from pilgrims suffering from diarrheal disease. A considerable num- 
ber of strains was isolated at Tor in 1930 and 1931 by Doorenbos, and 
apparently these vibrios can be isolated with some frequency there.^^ Very 
many, though not all, of the El Tor strains are “agglutinable,” that is to 
say, agglutinate with anticholera sera, and have been shown to belong to 
0 Group I by Gardner and Yenkatraman.^® The agglutinable strains differ 
from the cholera vibrio only in that they are actively hemolytic as noted 
earlier; a number of physiological tests, such as the Voges-Proskauer re- 
action, have been said to differentiate the two but none has proved to be 
religible- . . 

The relationship of these vibrios to Asiatic cholera has been a matter of 
considerable interest; aside from general considerations, their presence 
raises a specific practical question at quarantine stations. Doorenbos^^ is 
strongly of the opinion that two types of cholera may be distinguished, the 
epidemic form caused by the classic cholera vibrio, and the endemic form 
caused by atypical variants of V. cholerae such as the El Tor vibrio; in- 
herent in this is the assumption that the El Tor vibrios may become typical 
V, cholerae. This view is not generally accepted and it is beheved that the 
El Tor vibrio, sometimes given the specific name Vibrio El Tor, has some 
pathogenic powers and may be causally associated with diarrheal disease, 
but neither the vibrio nor the disease are related to V. cholerae and Asiatic 
cholera in the sense of Doorenbos. 

The Celebes Vibrio. — The question of the pathogenicity of the hemo- 
lytic agglutineible vibrios was raised again by the occurrence of an epidemic, 
apparently of cholera, in Celebes in 1937 and 1938 which was reported by 
de Moor.^ About 400 strains of the vibrio were isolated and all proved to 
be hemolytic and agglutinable with cholera antiserum ; van Loghem^ found 
representative strains to be indistinguishable from the El Tor vibrio. With 
the outbreak of war in Europe and the Far East these strains were no longer 
available and do not seem to have been studied further. This epidemic, in 
which many cases were clinically indistinguishable from cholera though 
some were mild, is convincing evidence of a high degree of pathogenicity 
of at least some strains of the hemolytic agglutinable vibrios. 

Gotschlich: Ztschr. f. Hyg., 1906, 55 .*281. 

^ For example, see Marras: Ann. d’lgiene, 1940, 50:1. 

^ Doorenbos: Rev. d’Hyg. et de Med. Preventive, 1936, 55:595, 675, 736; ibid., 1937, 
59:22, 105; Jour. Egypt. Med. Assn., 1938, 21:219. 

de Moor: Bull- Office Internal. d’Hyg- PubUque, 1938, 59:1510; see also de Vogel: 
ibid., 1940, 52:556. 

^ van Loghem: Bull. Office Internal. d’Hyg. Publique, 1938, 50:1520. 
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Other Pathogenic Vibrios. — A number of other vibrios are known 
which produce disease in animals but which are apparently not pathogenic 
for man. Vibrio metchnikovii was isolated^® from fowls suffering from an 
epidemic disease resembling fowl cholera. It closely resembles the cholera 
vibrio morphologically and physiologically and is highly pathogenic for 
guinea pigs and pigeons while the cholera vibrio is not pathogenic for the 
latter. It differs from V. cholerae immunologically and neither is aggluti- 
nated nor lysed by anticholera serum. An infectious abortion of sheep caused 
by Vibrio fetus was described by McFadyean and Stockman^® in England 
and also occurs in this country but is not prevalent. The vibrio is relatively 
difficult to cultivate and is biochemically inactive, fermenting none of the 
sugars. It is not pathogenic for guinea pigs. An epidemic disease of carp 
and other fish caused by a vibrio designated Vibrio piscium has been de- 
scribed by David.^^ The vibrio resembled the cholera vibrio morphologi- 
cally, and was immunologically related to it. A vibrio to which no formal 
name was assigned has been described by Doyle^^ as associated with swine 
dysentery. This vibrio was very difficult to cultivate and its relationship 
to the other vibrios is not as yet clear. 

^ Gamaleia: Aim. Inst. Pasteur, 1888, 2:482. 

McFadyean and Stockman: Report of the Departmental Committee appointed by 
the Department of Agriculture and Fisheries to inquire into epizootic abortion. 1909. 
Part 1, p. 15. 

David: Gentralbl. f. Bakt., I Abt., Orig., 1927, 102 : 46 . 

Doyle: Amer. Jour. Vet. Res., 1944, 5:3. 



CHAPTER 23 


BRUCELLA^ 

(Undulant Fever, Contagious Abortion of Cattle) 

Family: ParoohacteriacecLe. Tribe: Brucelleae. Genus: Brucella. Small, gram-negative 
short bacilli or coccobacilli. Usually non-motile. Require enriched media. Carbohydrates 
not fermented. Gelatin not liquefied. An alkaline reaction is produced in milk and other 
culture media. Brownish growth on potato. Strict psirasites producing various infections 
in man and the higher animals. Type species: Brucella melitensis. 

In 1887 Bruce,2 while investigating the human disease known as Malta 
fever, Mediterranean fever or undulant fever, discovered a microorganism 
in the spleen of fatal cases of the disease which he designated Micrococcus 
melitensis. A disease of goats transmissible to man, this affection not only 
is common on the island of Malta, where British garrisons have been often 
seriously affected, but occurs also on neighboring islands and on the shores 
of the Mediterranean Sea, and has been occasionally reported from India, 
South Africa, the Philippines and the West Indies. It was first brought to 
attention in the United States about 1911. 

In 1897 Bang,^ in Denmark, isolated a microorganism responsible for a 
contagious abortion in cattle, an affection now commonly known as Bang’s 
disease, which he termed Bacillus abortus. The isolation and cultivation of 
this bacterium in the United States were first recorded by MacNeal and 
Kerr.^ 

These two diseases, one primarily of goats and secondarily of man, and 
the other, one of cattle, were long studied quite independently, and appar- 
ently no connection between the two was recognized prior to the work of 
Evans® in 1918. This worker demonstrated the remarkably close morpho- 
logical, cultural and serological relationship existing between these bacteria 
which are now recognized as being intimately related to one another. 

In 1914 Traum® isolated from fetuses prematurely expelled from sows a 
bacterium which is now known to be closely related to the bacterium of 
Bang’s disease and that of undulant fever. Regarded as three species, these 
bacteria have been given the generic name of Brucella and are designated 
as Brucella melitensis. Brucella abortus and Brucella suis. Infection with 
these bacteria is often termed “brucellosis.” 

Morphology and Staining. — The Brucella are small coccoid or short 
bacillary forms varying from 0.4 to 3.0 /x in length and from 0.4 to 0.8 ju in 

1 For a detailed discussion of these bacteria see Huddleson: Brucellosis in Man and 
Animals. The Commonwealth Fund. New York. 2nd ed., 1939. 

2 Bruce: Practitioner, 1887, 59:161. 

3 Bang: Ztschr. f. Tiermedizin, 1897, f:241. 

^ MacNeal and Kerr: Jour. Inf. Dis., 1910. 7:469. 

6 Evans: Jour. Inf. Dis., 1918, 22:580. 

® Traum: Ann. Kept. Chief, Bur. Animal Ind., U. S. Dept. Agr., 1914, p. 30. 
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breadth. Some variability is noted, and both coccoid and bacillary forms 
may appear intermingled. There is a greater tendency to the coccobacillary 
form in Br. melitensis than in Br. snis, with Br. abortus intermediate be- 
tween the two, but no distinction can be made on a morphological basis. 
The microorganisms usually occur singly or in pairs, and in cultures short 
chains may be found. The smooth forms are encapsulated’' but spores are 
not formed, and these bacteria are non-motile. 

On semisolid media the colonies are small, circular, convex, amorphous, 
smooth, glistening and translucent. No pigment is formed, but the growth 
of Br. melitensis becomes brown in older cultures and the browning extends 
down into the medium. This browning is shown by some strains of Br, 
abortus also. 

Brucella may be stained by the usual aniline dyes, but therj^ is a tendency 



Fig. 83 . — Brucella melitensis, pure culture. Note the coccobacillary appearance. Fuchsin; 

X 1050. 

toward irregular staining and, in some cases, bipolar staining. They are 
gram-negative. 

Physiology. — The nutritive requirements of these bacteria are rela- 
tively complex and best growth is obtained on enriched media such as 
liver infusion broth or agar. Kerby and Calder® have reported that a milk- 
tryptose-crystal violet medium is superior to liver infusion broth or tryp- 
tose broth in primary culture. Brucella have been cultivated on amino acid 
synthetic media; some strains require nicotinamide, thiamin and panto- 
thenic acid while others require biotin also.® McCullough and Dick^° have 
obtained growth in glucose-inorganic salt media containing these bacterial 
vitamins. No growth occurs at 6° G. or 45° G. and the optimum tempera- 
ture is 37° C. Neither acid nor gas is produced from carbohydrate media, 
although it may be shown that glucose is utilized to a small extent and its 
inclusion generally favors growth. Nitrates are reduced, and growth in 

^Huddleson: Jour. Amer. Vet. Med. Assn., 1940, 96.1708; Mickle: Jour. Inf. Dis., 
1940, 66:211, 
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milk is accompanied only by a slowly increasing alkalinity. Gelatin is not 
liquefied and indol is not formed. The optimum pH is 6.6 to 6.8. 

Hydrogen Sulfide. — ^All three species produce hydrogen sulfide hut differ 
in that jBr. suis produces it in abtmdance, 3r. abortus to a lesser extent and 
Br. melitensis to only a slight degree. It may be noted that ammonia is 
produced to a greater extent by Br. melitensis than by the other two species. 

Carbon Dioxide. — ^These bacteria are aerobic, and Br. melitensis and Br. 
suis may be grown on primary isolation under the usual aerobic conditions. 
Br. abortus, however, requires incubation in an atmosphere containing 25 
per cent carbon dioxide on primary isolation. Subsequent transfers from 
the primary growth must be incubated in 10 per cent carbon dioxide, but 
after a number of transfers Br. abortus adapts itself to ordinary aerobic 
growth. 

Dyes. — The Brucella species differ from one another in their suscepti- 



Fig. 84 . — Brucella melitensis. Pure culture on liver infusion agar. X 4. 


bihty to the bacteriostatic effect of dyes, and their ability to grow on liver 
infusion agar containing thionin or basic fuchsin is a characteristic of con- 
siderable practical value in their differentiation. Br. melitensis and Br. 
abortus will grow in the presence of basic fuchsin in a dilution of 1:25,000, 
but Br. suis is completely inhibited. Br. melitensis and Br. suis will grow 
in the presence of thionin in a dilution of 1 : 50,000, while Br. abortus will not. 
These and other cultural differences are summarized in the accompanying 
table. 

The Brucella show the usual susceptibility to heat and disinfectants. A 
point of some practical importance is the rapid death of these bacteria at 
pasteurizing temperatures; bothBr. abortus andBr. suis are killed in three 
minutes at 143° to 145° F. They persist in soil, water and dust for one to 

® Kerby and Calder: Joxir. Bact., 1940, U0:6Z1. 

® Koser and Wrigbt: Jour. Inf. Dis., 1942, 71:86; McCullough and Dick: ibid., 1942, 
7/:193, 198. 

McCullough and Dick: Proc. Soc, Exp. Biol- Med., 1943, 5?:310. 
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two months but disappear within ten days in milk, presumably in part as a 
consequence of the presence of acids formed by other bacteria. In this 
connection it is of interest that these bacteria are able to survive two hours 
or more in milk mixed with gastric juice. 


CULTURAJL DIFFERENCES OF BRUCELLA SPECIES 



COz Required 
for Growth 

HzS 

Production 

Growth in Presence Of 

Basic Fuchsin 
1:25,000 

Thionin 

1:50,000 

Br. melitensis 



=b: 

+ 

4- 

Br. abortus 


■f* 

+ 

— 

Br. suis 


+ + 

i 




Antigenic Structure. — Each of the three Brucella species contains two 
antigens, designated as A and M, Br. melitensis contains a relatively large 
amount of M and a small amount of A, while bothBr. abortus and Br. suis 
contain large amounts of A and small amounts of The ratio of A to M 
is send to be about 20 : 1 in the case of Br. abortus and 1:20 in the case of 
Br. melitensis^^ It is possible, then, to differentiate Br. melitensis from Br. 
abortus and Br. suis by serological methods, i.e., agglutination, but Br. 
abortus and Br. suis cannot be differentiated from one another in this way. 
In practice monospecific sera, i.e., sera adsorbed to remove the small 
amount of antibody common to the other immunological type, should be 
used. These antigens are both heat-stable, and their chemical nature is as 
yet unknown.^® 

Variation . — The Brucella species dissociate relatively easily to give rise 
to the rough form. The S-R transformation is accompanied by a change to 
a rough colonial type, a loss of virulence and alteration in' immunological 
specificity. The last begins to take place before morphological changes are 
apparent and has been a source of considerable difficulty in the serological 
typing of these bacteria; the altered immunological types have been termed 
paramelitensis or parU’-abortus strains. It is, therefore, essential to use only 
smooth cxiltures in the serological differentiation of these bacteria. 

A number of tests have been devised for the detection of antigenic vari- 
ants. The rough forms are, of course, spontaneously agglutinated in saline. 
Slightly rough strains may be detected by their agglutination upon boiling 
in saline for two hours (thermo-agglutination test) or by incubating saline 
suspensions of the bacteria with basic fuchsin or trypaflavine at 37° C. for 
two hours; the rough form agglutinates in the presence of the dye while 
the smooth form remains evenly suspended. According to Huddleson,^^ 

“ Wilson and Miles: Brit- Jour. Exp. Path., 1932, 13:1. 

^ Mil^: Brit. Jonr. Exp. Path., 1939, 20:63. 

“ Cf. the investigations of Miles and Pirie: Brit. Jour. Exp Path., 1939, 20:83, 109, 
278; Biochem. Jour-, 1939, 5J:1709, 1716. 

^*Cf. Hunger and Huddleson: Jour- Bact., 1938, 55:255. 
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however, none of these gives consistent results, and he has proposed an 
opsonocytophagic test in which bacterial suspension is mixed with nitrated 
normal guinea-pig or human blood, incubated for thirty minutes, smeared 
and stained. Smooth strains show only a slight degree of phagocytosis while 
the rough bacteria are phagocytosed to a considerable extent. 

Pathogenicity for Lower Animals. — Brucellosis is primarily a disease 
of domestic animals and is only secondarily commimicated to man; the 
chief animal reservoirs are goats, cattle and swine. It is of some interest that 
host specialization of the parasites has taken place, giving rise to the three 
species or, as some prefer to regard them, varieties oi Brucella, 

Goats, — Goats may be artificially infected with Br, melitensis by almost 
any route, and it is probable that under natural conditions the vaginal dis- 
charge at the time of aborting and shortly thereafter plays an important 
part in the dissemination of the infection. Agglutinins appear in the blood 
of artificially inoculated pregnant goats by the third or fourth day, and the 
titer rises rapidly to perhaps 1 : 1000 within forty-eight hours and reaches 
a peak of 1:2000 or thereabouts by the twelfth day of infection. Just before 
the peak in agglutinin titer, a bacteremia is initiated which persists for 
perhaps one month. This acute generalized infection becomes localized 
during the second month after the termination of the pregnancy during 
which the animal was infected. In most cases the bacteria do not persist 
in the udder and uterus after the fifth month following termination of 
pregnancy. A second pregnancy does not, as a rule, cause an exacerbation 
of the disease, but in some cases the infection may remain localized in the 
area of the genital tract for several years. 

The most obvious clinical symptom of infection is abortion, although 
this need not occur. Pyrexia is apparent within forty-eight hours of the 
generalized infection, and there is a slight diarrhea. The placenta is not 
retained, but a copious vaginal discharge is frequently observed for two or 
three weeks after kidding. In lactating goats the milk may be physically 
altered and appear in extreme cases as a clear fluid containing suspended 
clots. 

Immature goats are highly resistant to the infection, and kids born of 
infected dams may not be infected and commonly do not become so in 
spite of the ingestion of enormous numbers of Brucella in the milk. Non- 
pregnant mature goats are also resistant to infection and respond to arti- 
ficial inoculation with only a low and transient agglutinin titer in the blood 
serum. 

Brucellosis in sheep is similar to that in goats. 

Cattle. — Brucellosis in cattle is most commonly an infection with Br, 
abortus although both Br. melitensis and Br. suis have also been found. 
The microorganism may gain entrance by a variety of routes, including 
direct inoculation into the vagina, by way of the conjunctiva, through the 
unbroken skin or via the alimentary tract. The primary symptom of the 
disease is abortion of the fetus by pregnant cattle.^® The time elapsing be- 
tween initial infection and abortion varies from three weeks to four months, 

“ Abortion may, of course, result from other infections. See the discussion by Gilman: 
ComeU Vet., 1939, 29:153. 
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and the period of gestation at which abortion may take place varies from 
two to nine months. Cattle do not abort, however, unless infected during 
pregnancy and even then not all abort — ^perhaps 30 per cent- or the cattle 
may become sterile. Subsequent pregnancies may proceed normally in spite 
of persistence of the infection; second abortions are not common, and third 
abortions are rare. 

The bacilli may be found in the blood in perhaps 10 per cent of the cases 
and are very likely consistently present during the acute infection. Early in 
the infection the bacteria are found in the lymph glands about the head and 
intestines, by the end of the first month they are found all through the 
body, and by the end of the third month have localized in the mammary 
glands and are found only in the udder. The invasion of the udder results 
in an acute or chronic inflammation with lesions in the alveoli and interal- 
veolar connective tissue and, when the lymph glands are involved, a chronic 
lymphadenitis. Chronic infection of the udder may persist indefinitely with- 
out significant differences in the quality of the milk^® and bacilli may be 
excreted over a long period of time, perhaps for life. The uterus, on the 
other hand, frees itself of the bacteria relatively soon and the vaginal dis- 
charges do not contain the bacilli for an extended period. 

Animals infected during pregnancy show an agglutinin titer ranging from 
1:200 to 1 : 1000 which falls slowly over a period of six months or so. Cattle 
that continue to excrete bacilli in the milk generally show persistent 
agglutinin titers of 1:200 or more although a titer of 1:50 has diagnostic 
significance. Agglutinins are also present in the milk and may be demon- 
strated in the whey after clotting with rennin. Infected animals become 
sensitized to the baciUary substance, and a skin reaction may be elicited 
by the intradermal injection of a preparation of Brucella protein designated 
as ahortin or hrucellergen. As in the case of the young goats, calves are 
relatively resistant to the infection. 

Swine. — Brucellosis of swine seems to be always due to infection with 
Br. suis, though these animals may be artificially infected with Br. abortus. 
In contrast with cattle, the males are commonly infected and abortion in 
infected females is less frequent than in cows; about 50 per cent of swine 
abortions are due to unknown causes, not brucellosis.^^ The clinical symp- 
toms may be mild or lacking, and in a number of instances there has been 
no outward evidence of the disease in an infected herd. Under natural 
conditions infection probably takes place via the alimentary tract. The 
bacilli are eliminated with aborted fetuses and vaginal discharge, urine, 
semen and milk. 

Other Animals, — A number of other animals have been found to be 
natmally infected with Brucella. There is some evidence that the disease 
of horses known as fistula of the withers or poll evil is a Brucella infection ; 
both Br. abortus and Br. suis have been isolated from cases of the disease. 
Stone^® found that 9.5 per cent of horses tested in New York City gave 
positive serological reactions. Brucella infections of fowl have been re- 

Cf. E mm i n ger and Schlam: Amer. Jour. Vet. Res., 1943, 4:100. 

McNutt and Leath: Michigan State CoU. Vet., 1943, 4:28. . 

18 Stone: Jour. Amer. Vet. Med. Assn., 1941, 99:118. 
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ported; in one instance -Sr. suis was isolated from several naturally infected 
birds, but the disease is probably not common. Dogs may also be naturally 
infected; Sr. suis and Br, abortus have been isolated. Wild rats may be 
infected artificially, and Br. abortus has been isolated from a naturally 
infected rat. Natural infection of rabbits with Sr. meliiensis has also been 
reported.^® Of the usual laboratory animals guinea pigs are readily infected 
and are most often used for experimental purposes. Rabbits, mice and other 
animals may also be infected. A disease resembling undulant fever in man 
has been produced in rhesus monkeys. 

PathLOgenicity for Man. — Man is susceptible to infection with these 
three species of Brucella, but infections with Sr. melitensis and Sr. suis are 
usually more severe than those with Sr. abortus. The incubation period of 
undulant fever in man is highly vsu-iable and relatively long; according to 
Hardy, Frant and Kroll,^° it may range from one week to not less than 
four months. The case fatality is low — 2 to 3 per cent. It may have varied 
clinical manifestations and 5 types are recognized: (1) the intermittent 
type with shifting articular rheumatism, weakness, night sweats and a 
temperature near normal in the morning but rising to 101° to 104° F. in the 
evening, in which the patient remains in bed in the latter part of the day; 
(2) the ambulatory type with much the same symptoms but to a mild 
degree; (3) the undulant type, genevolly melitensis infections, characterized 
by step-like increases in the temperature from day to day to a maximum 
and, after a time, gradual decrease in temperature and possibly successive 
repetitions of this sequence of events; (4) the malignant type, almost 
always melitensis infections, in which the temperature is high and sustained 
with an extreme hyperpyrexia before death; and (5) an atypical chronic 
type which may take the form of muscular stiffness, gastric disturbances, 
and various neurological symptoms- In general, undulant fever is a disease 
of relatively long duration, one to four months, and relapses during con- 
valescence are not infrequent. In a chronic form undulant fever may be 
difficult to diagnose.^^ 

Brucellosis in man is a generalized infection as a rule, while in lower 
animals it is a localized infection, particularly in cattle. The bacilli may be 
isolated from the blood stream in man and the development of agglutinins 
is a diagnostic aid. Man also becomes sensitized to the cell substance of 
the bacteria, a hypersensitivity that is sometimes manifested as skin erup- 
tions which may be macular or resemble the rose spots of typhoid fever. 
Localization may occur, however, and meningitis and meningo-encephalitis 
are probably not so rare as has been supposed, while in some instances 
orchitis, cholecystitis, endocarditis and other local manifestations have 
been reported. Pulmonary lesions with infiltration of the hilar glands or 
lung tissue proper are occasionally observed.^® BruceZ/a infection may be as- 

For a discussion of brucellosis in wildlife see the review by Katz: Jour. Amer. Vet. 
Med. Assn., 1941, 99:24. 

20 Hardy, Frant and Kroll: Pub. Health Repts., 1938, 59:796. 

21 Cf. Evans: Amer. Jour. Trop. Med., 1939, i9:319; Pdb. Health Repts., 1938, 53:1507. 

22 Althoff and Rating: Klin. Woch., 1943, 22:597. 
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sociated with abortion and mastitis in the human female in rare in- 
stances.^^ 

Epidemiology. — Brucellosis in man is probably always acquired from in- 
fected domestic animals; man-to-man transmission is a possibility but 
rarely, if ever, occurs. The commonest modes of infection in the United 
States are, first, the use of raw milk from infected cattle and, second, direct 
contact with the flesh of infected animals, both cattle and swine. As indi- 
cated above, animals may be readily infected via the alimentary tract, and 
it is not unreasonable to suppose that man is infected in this way also 
The discharge of Br. abortus in the milk of infected cattle, then, provides 
the opportunity for infection when the milk is ingested in the raw state 
and in many instances undulant fever is acquired in this way. Br, abortus 
has been found in certified milk in a number of localities.^^ The pasteuri- 
zation of milk, of course, provides adequate protection from this source of 
infection. 

The penetration of the unbroken skin by Brucella has been pointed out 
earlier. Man may be infected by the handling of the tissues of diseased 
animals or by close contact with other infectious material ; presumably the 
bacilli enter through minute abrasions in the skin, or possibly through the 
intact skin. Employees of slaughterhouses, veterinarians, sausage-makers 
and butchers are, of course, particularly exposed to infection by this means 
and, in fact, the incidence of brucellosis in this group is disproportionately 
high. It is probable that most infections with Br. suis are acquired in this 
manner, although in some instances cattle are infected with this species 
and man acquires a suis infection via raw cow’s milk. 

Laboratory infections with Brucella are very common and even the most 
skilled workers have acquired undulant fever through working with these 
bacteria. Meyer and Eddie^^ have reviewed 74 cases up to 1940 of which 44 
occimed in competent bacteriologists. These infections are, in all prob- 
ability, a consequence of handling infectious material and penetration of 
the skin by the microorganisms. 

Undulant fever may also be acquired by drinking raw goat’s milk, but 
infections with Br. melitensis from these animals are thought to be relatively 
infrequent in the United States. Evans,^® however, has found a number of 
cases in North Carolina, Kansas and Texas, and it is known to occur in 
the Southwest in general where goat’s milk is consumed. 

It has been shown experimentally that brucellosis may be transmitted 
by mosquitoes and biting flies, but at present there is no indication that 
this mode of transmission is of any significance in nature. Water is appar- 
ently not a vehicle of tr^smission; the single water-borne outbreak that 
has been reported^ ^ was in the nature of a laboratory accident. 

The prevalence of human brucellosis is not known with any degree of 


^ ap)ec1s of human brucellosis are discussed in detail by Harris: Bruceh 

losis. Paul B. Hoeber. New York. 1941. 

®*See, for example, Hasley: Jour. Inf. Dis., 1930, 46:430 
® Meyer and Eddie: Jour. Inf. Dis., 1941, 68:24,. 

^ Evans: Pub. Health Repts., 1937, 52:295. 

Huddleson and Munger: Amer. Jour. Pub. Health, 1940, 50:944. 
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precision. As a consequence of better diagnosis, the number of reported 
cases has steadily increased from 24 in 1925 to 2497 in 1937. During the 
period 1930-1941 29,594 cases of brucellosis were reported in the United 
States, an average annual rate of 1.87 per 100,000 population.^® The disease 
is found in rural areas for the most part and the incidence in urban areas 
is very low. The incidence is high in the midwestern states and, in geogra- 
phical distribution, tends to parallel the extent of the hog-raising industry. 
The incidence of brucellosis in cattle is relatively high (10 per cent.^) and 
more or less uniform throughout the country. Swine brucellosis is not so 
common; about 3 per cent of hogs show significant agglutinin titers. 

Bacteriological Diagnosis of Brucellosis.^® — ^The laboratory diag- 
nosis of brucellosis involves the demonstration of the causative micro- 
organism and of specific antibodies. When the bacterium can be isolated 
and identified the diagnosis is solidly established, but the presence of anti- 
bodies indicates only an immune response to what may have been a past 
rather than present infection and is, therefore, only suggestive. 

Brucella is most often found in the blood stream in man, particularly in 
the pyrexial period, but cannot always be isolated. Blood is added to tryp- 
tose broth in 2 to 5 cc. amounts and incubated in an atmosphere containing 
10 per cent CO 2 * The enrichment culture should be subcultured at four-day 
intervals and, if subcultmes are negative, carried for a period of not less 
than three weeks. For subculture agar plates of liver infusion or tryptose 
agar should be inoculated. The bacteria may be identified by agglutination 
with antiserum; differentiation between J5r. melitensis and Br, abortus^Br, 
suis may be made by agglutination with type-specific antiserum, and the 
culture tested for H 2 S production and growth in the presence of thionin 
and basic fuchsin. 

Agglutinins may be titrated in the usual way but the interpretation of 
the test may be difficult unless the titer is very high. Probably a titer below 
1 : 80 is not significant, while titers as high or higher than 1 : 1000 are seldom 
if ever observed in the absence of infection. Even a very high titer is not 
conclusive evidence of infection, of course. Conversely, some infected indi- 
viduals show only low agglutinin titers, perhaps 1:20. Huddleson feels that 
the opsonophagocytic test for the presence of opsonins is a much more 
reliable measure of the immune response. Citrated whole blood is mixed 
with bacterial suspension, incubated without agitation for thirty minutes, 
and a film of the mixture spread on a glass slide. The film is dried rapidly 
and stained with Hastings’ stain (Wright’s stain may be used) and exanoined 
for the presence of the bacilli in the neutrophils. The test is negative when 
no phagocytosis occurs, slight when 1 to 20 bacilli are found per cell (25 
counted), moderate when the phagocytosed bacilli are 21 to 40 per cell, and 
marked when there are more than 40 per cell. In the last case, the neutro- 
phils are usually packed with bacilli and there axe too many to be counted. 
Marked phagocytosis in 40 per cent or less of the cells examined indicates 
infection, and in more than 60 per cent, an immune reaction. 

28 Jordan, Borts, Harris and Jennings: Amer. Jour. Pab. Health, 1943, 55:773. 

2® See the generid discussion by Foshay: Amer. Jour. Clin. Path., 1940, f 0:176: and 
by Harris: Bull. New York Acad. Med., 1943, 19:63. 
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Immunity.^® — ^The resistance of calves and non-pregnant cows to clinic- 
ally apparent brucellosis is clearly an expression of natural immunity, 
though the older animals respond to the microorganism with the production 
of antibodies and the development of an increased resistance to subsequent 
infection. Man likewise appears to have a high degree of natural resistance 
to the infection and it is probable that there are many more infections than 
clinical cases of brucellosis. In the series studied by Huddleson and Mun- 
ger^^ in which exposure to infection was known, o:^y about half the indi- 
viduals showing evidence of infection by an immune response had clinically 
apparent disease. 

In man the immune response is evidenced by the appearance of agglu- 
tinins, opsonins and hypersensitivity to preparations (brucellergen) of the 
cell substance of the bacteria. It is not clear, however, that this response is 
associated with an increased resistance, i.e., effective immunity, to the 
infection. Prophylactic inoculation with Brucella vaccines is not practical 
in man, though the available evidence indicates that it is effective in cattle. 
The therapeutic use of antisera or vaccines in human brucellosis has given 
disappointing results. 


BRUCELLA BRONCHISEPTICA 

This microorganism is very similar to Br. abortus, but is motile and 
highly aerobic. It does not produce hydrogen sulfide. It is immunologically 
related to Br. meliterisis and Br. abortus, but can be separated from them 
6y agglutmin-absorption tests. It also resembles Bacillus pertussis both 
culturally and immunologically. Originally isolated from dogs ill with dis- 
temper, it is not now generally believed to stand in any causal relation to 
that disease.®^ It is, however, frequently found as the cause of broncho- 
pneumonia in guinea pigs and other rodents. 

3° See the review by Huddleson: Bact. Rev., 1942, ^;111, 

See, for example, Hardenbergh: Jour. Amer. Vet. Med. Assn., 1925, 65:309. 
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PASTEURELLA 

(Hemorrliagic Septicemia; Plague; Tularemia) 

Family: Parvobacteriaceae. Tribe: Pasteurelleae. Genus: Pasteur ella. Small gram- 
negative bacilli, often ovoid; bipolar staining. Carbohydrates attacked slightly or not at 
all. Gelatin not liquefied. Parasites of man and certain higher animals and birds. Type 
species: Pasteurella avicida. 

The term “hemorrhagic septicemia” was applied by Hueppe^ to a group 
of highly fatal infectious diseases of the lower animals in which large and 
small hemorrhagic areas are found in the subcutaneous tissues, serous 
membranes, muscles and lymph glands, and throughout the internal organs. 
The causative bacteria constitute a group of closely related, biochemically 
inactive, non-motile, gram-negative forms showing bipolar staining. The 
first of these bacteria to be studied was the etiological agent of fowl cholera 
which Pasteur used in his early studies on immunity. Others have been 
described as producing hemorrhagic septicemias in various lower animals. 
Regarded by some as but a single species under the name Pasteurella pluri- 
septica, these bacteria are usually separated into species which differ from 
one another in host adaptation and minor fermentation reactions. They 
have been given names derived from the kind of animal in which they were 
found. 

The species of bacteria causing the hemorrhagic septicemias of lower 
animals are: 

Pasteurella aviseptica (Bacillus avisepticus. Bacterium avisepticum, Pas- 
teurella avicida"^) — the fowl cholera bacillus. Pathogenic for birds and 
mammals, 

Pasteurella muriseptica (Bacillus murisepticus. Bacterium murisepticum, 
Pasteurella murieida*) — found in naturally infected wild rats and patho- 
genic for rabbits, guinea pigs, mice and rats but not for chickens or pigeons. 

Pasteurella lepiseptica (Bacillus lepisepticus. Bacterium lepisepticum^ Pas- 
teurella cuniculicida^) — the bacillus occurring in contagious nasal catarrh 
or “snuffles” of rabbits as a clinical or latent infection. Produces septicemia 
in rabbits upon par^teral inoculation. Pathogenic for chickens and 
mammals. 

Pasteurella suiseptica (Bacillus suisepticus. Bacterium suisepticum^ Pas- 
teurella suilla^) — the bacillus of swine plague. Pathogenic for mice, rabbits 
and birds. 

Pasteurella boviseptica (Bacillus hovisepticus. Bacterium bovisepticum, Pas- 
teurella bollingeri^) — ^produces a hemorrhagic septicemia in cattle, hogs and 
horses and is found in deer and wild hogs. 

^ Hueppe: her. kHn. Wchnschr., 1886, 25.*753, 776, 794. 

* The starred names are those of Bergey’s 1939 classification. 
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So far as is known, the diseases produced by these bacteria are not ordi- 
narily communicable to man. Rare cases of human infection with bacilli 
of this group have, however, been reported.^ Closely related to this group 
and classified as species of Pasteurella are the bacilli of plague or black 
death” and of tularemia or “rabbit fever.” Past pestis differs culturally 
from the hemorrhagic septicemia bacilh in that it grows in the presence of 



Fig. 85. — Pasteurella suiseptica. Smear from a pure culture. Fuchsin; X 1050. 


bile, does not ferment sorbitol, and does not produce indol or hydrogen 
sizlfide. Unlike the other Pasteurella species, Past, tularensis requires en- 
riched media for growth. 

PASTEURELLA PESTIS— THE PLAGUE BACILLUS 

Plague prevailed extensively throughout Europe during, the Middle Ages. 
It has been estimated that 25,000,000 persons, or one-quarter of all in- 
habitants of Europe, perished in the “great mortality” or “black death” of 
the fourteenth century (1348-49). Few diseases have left so deep a mark 
on general literature. Boccaccio’s Decameron contains one of the most vivid 
descriptions of the plague ever written, and Defoe’s fictitious® Journal of 
the Plague Year provides a realistic picture of the devastation of London 
in 1665 by an outbreak of “black death” in which 70,000 persons perished. 

For reasons that may be only partly conjectured the plague has had 
irregular periods of quiescence and recrudescence! Western Europe has 
been practically free from the plague since the middle of the eighteenth 
century, and the disease began its first great extension in modern times 
with its appearance in 1893 in Hongkong and in 1896 in Bombay. During 
recent years the plague has caused terrible loss of life in British India; 
official statistics show that in the period from 1896 to 1918 more than 
10,000,000 deaths were due to this disease. In October, 1899, a case was 

* The hemorrhagic septicemia bacilli are discussed at length by Regamey : Les infec- 
tions humaines a B. bipolaris septicus (Pasteurelloses) . Huber. Berne. 1939. 

» Defoe -was only four years old in the year of the great plague. 
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recorded at Santos, Brazil; tMs is thought to be the first occurrence of the 
plague in the Western Hemisphere. Plague first appeared in the United 
States in San Francisco in 1900; it is assumed that it was introduced by 
infected rats from the Orient. The infection apparently spread to ground 
squirrels and other wild rodents in the western part of the country. From 
1900 to 1939 there were 499 reported cases of plague with 314 deaths in 
8 states.^ 

The plague bacillus, Pasteurella pestis, was discovered almost simultane- 
ously by Yersin^ and by Kitasato.® 

Morphology and Staining, — ^The plague bacillus is a short, plump, 
ovoid rod 0.3 to 1.25 y in length. In the body fluids the bacilli may occur 
in pairs, but long chains are rare and, in general, there is no characteristic 
arrangement. The bacilli are non-motile and are encapsulated.^ Involution 
forms are common, especially in older cultures, and coccus shapes, large 



Fig. 86. — ^The plague bacillus. Smear from pure culture; fixed in methyl alcohol and 
stained with methylene blue to show bipolar staining. Note the involution forms present 
even at twenty-four hours’ incubation. Left, X 1050; right, X 1800. 


rods and gigantic swollen forms may be observed. The tendency of the 
plague bacillus to aberrant morphology is accentuated by cultivation on 
media containing 3 to 4 per cent sodium chloride; the appearance of invo- 
lution forms in twenty-four-hour cultures on salt-containing media has 
been regarded by some as a characteristic of differential value. 

Colonies on nutrient agar or gelatin have a delicate, drop-like appear- 
ance, with a round, granular center and a thin, granular, uneven margin. 

The plague bacillus is uniformly gram-negative and shows a marked 
tendency toward polar staining, i.e., there are heavily stained areas at 
the ends of the cell separated by a lightly stained area in the center (see 
Fig. 86). For good bipolar staining the smear should be air-dried and fiixed 

^ Hampton: Pub. Health Repts., 1940, 55:1143. 

® Yersin: Ann. Inst. Pasteur, 1894, 8:662. 

® Kitasato: Lancet, 1894, u:42S. 

See the study by Sokhey: Jour. Path. Bact., 1940, 5f:97. 
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in alcohol. The usual aniline dyes, such as methylene blue, are satisfactory. 
The plague bacillus is best demonstrated in tissue sections by a polychrome 
stain. 

Physiology . — Past pesiis is not nutritionally fastidious, and growth 
occurs on all the ordinary culture media, although in peptone water it is 
very poor. Some strains will grow in amino acid media without bacterial 
vitamins while others reqfuire nicotinamide or thiamin or both.* Unlike 
most of the bacteria pathogenic for man, a temperature of 25° to 30° C. 
is more favorable than one of 37° G., and the limiting temperatures for 
growth are —2° C. and 45° C.® In any case, the colonies on semisolid media 
grow slowly and never attain a large size. The plague bacillus is aerobic and 
facultatively anaerobic. 

Sugar fermentations are variable, and a small amount of acid but no 
gas is produced. Neither coagulated serum nor gelatin is liquefied, and indol 
is not produced. Nitrates are reduced to nitrites, and a small amount of 
hydrogen sulfide is formed. On potato and in milk multiplication is slow 
and scanty; milk is rendered slightly acid but is not curdled. 

One of the most characteristic cultural features is observed in the growth 
in broth. When the surface of this medium is covered with a layer of oil 
and flasks are left undisturbed for five or six days after inoculation, long, 
delicate filaments are formed which hang down from the surface into the 
depths of the clear broth, like the stalactites that depend from the roof 
of a grotto. Not all cultures of Past, pestis show stalactite growth in equal 
degree, and, on the other hand, a similar formation has been observed in 
cultures of other bacteria; the stalactite formation, therefore, while highly 
characteristic, especially when broth is seeded directly from fresh plague 
buboes, is not specific. 

The plague bacillus does not exhibit any marked resistance to deleterious 
influences. Exj^sime to drying, particularly at the higher summer tempera- 
tures, kills it within a short time. The bacillus is quite sensitive to the action 
of sunlight and chemical disinfectants; it is killed, for example, by 0.5 per 
cent phenol in ten to fifteen minutes and by heating to 55° C. in about the 
same time. Cultures kept in the refrigerator, however, remain viable over 
long periods of time. In general, the life of Past, pestis outside the animal 
body is precarious, and the bacillus seems to disappear speedily from soil, 
water and buried cadavers. 

Toxins. — No soluble toxic substances are formed by the plague bacillus, 
though the toxicity of old broth cultures to experimental animals on paren- 
teral inoculation is indicative of the toxicity of the bacillary cell substance. 

Pathogenicity for Man.^ Plague in man appears most commonly in 
two forms, the bubonic or glandidar plague and plague pneumonia. In the 
bi^onic type the symptom-complex is characteristic, and diagnosis on 
clinical grounds is relatively simple. From the buboes, which may be either 
priinary or secondary, bacilli may pass over into the blood; in fatal cases 
the bacteria often multiply in the blood extensively. The case fatality is 

1943^5?^^' Soc. Exp. Biol. Med., 

» Sokhey and Habbu: Jour. Bact., 1943, 4^:25. 
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60 to 90 per cent. A primary plague septicemia can also probably occur. 
There are sometimes subcutaneous hemorrhages. During the plague epi- 
demics in the Middle Ages such hemorrhages seem to have been more 
frequent than at present, and the dark spots to which they give rise were 
the origin of the popular name of ‘‘black death.” 

Plague pneumonia occurs secondary to the glandular infection and may 
be transmitted to give rise to primary plague pneumonia. Pneumonic 
plague is usually fatal. In this variety the sputum may contain enormous 
numbers of plague bacilli, and the infection is spread from man to man by 
droplets. Because of this direct spread pneumonic plague is by far the more 
dangerous type. The extensive outbreak of pneumonic plague in Manchuria 
in 1910-12 is said to have caused approximately 60,000 deaths, the case 
fatality being practically 100 per cent. 



Fig. 87. — The plague bacillus in the blood of an infected mouse. X 2000 (Douglas and 

Wheeler). 

A primary infection of the skin with the plague bacillus sometimes occurs 
(cutaneous plague) but does not seem to be common. Cases of mild plague, 
the so-called “pestis minor,” are met with in some epidemics, but it is 
probable that healthy persons do not carry plague bacilli for long, if at 
all. The occurrence of intestinal plague in man has never been clearly 
established. 

Epidemiology. — Plague is primarily a disease of rats and other rodents 
and is spread from rat to rat and from rat to man through the bite of 
infected fleas. At least three species of rats, Epimys norvegicus, the common 
gray sewer rat; E. rattus, the black house rat and ship rat; and E. alexan- 
drinus, the Egyptian rat, are known to be capable of receiving infection. 
The Indian rat flea, Xenopsylla cheopis, is probably the most important 
rat flea in the dissemination of plague, but Ceraiophyllus fasciatus, the 
common rat flea of North America and Europe, may also transmit the 
disease. % 

The black rat lives in close association with man, and its presence in 
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dwelling houses makes it a particularly dangerous vector of plague. It is 
commonly believed that the great prevalence of the plague in Europe in 
the Middle Ages was caused by the advent of the black rat brought in 
from Asia Minor in the ships of the Crusaders. The black rat in turn was 
largely driven out of Europe by the arrival of the fiercer gray rat from the 
north. This second change in the character of the rat population is thought 
to explain in large part the practical disappearance of the plague from 
Europe. Probably the advances made over the medieval type of dwellings 
with their “rush-strewn floors” were also a factor. 



Fig. 88. — Plague bacilli iu tbe infected flea; sections stained with methylene blue. 
The bacilli appear as dark stained masses, i. Flea on the ninth day after infection- 2, 
Eighteenth day after infection; note the stomach and proventriculus packed with bacilli. 
5, Twenty-second day after infection; note the large mass of bacilli and the sw^ollen 
proventriculus. 4, Twenty-third day after infection; the proventriculus is further en- 
larged. (Douglas and Wheeler.) 

Although both the feces and the urine of infected rats sometimes con- 
tain plague bacilli, the infection is not transmitted from animal to animal 
under experimental conditions in the absence of fleas. The blood, however, 
often contains enormous numbers of the bacilli — as many as 100 million 
per cc. have been found — and the flea becomes infected through feeding on 
this infectious blood. When the plague bacilli are taken into the stomach 
of the flea they undergo multiplication but do not penetrate into the other 
parts of the body. On microscopic examination large masses of bacilli may 
be seen in the infected flea; the development of the infection is illustrated 
in Fig. 88 from Douglas and Wheeler.^® The bacilli are discharged with the 

Douglas and Wheeler: Jour. Inf. Dis., 1943, 72.T8. 
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feces, and human infections may result from rubbing these fecal droplets 
into the bite as it is scratched. In some infected fleas the bacilli multiply 
so rapidly that they mechanically obstruct the proventriculus to such an 
extent that little or no food may pass. In the effort to feed, some plague 
bacilli are mixed with the drawn blood of the host and regurgitated into 
the bite, thus bringing about infection. Although rats may be infected by 
feeding on the carcasses of their plague-infected comrades, it is probable 
that, under natural conditions, transmission from rat to rat is almost 
always through the agency of infected fleas. It may be noted that plague 
and tularemia are the only bacterial diseases that are transmitted by in- 
fected insect vectors (as differentiated from mechanical transmission by 



Fig. 89. — ^The world-wide distribution of human and sylvatic plague. Redrawn from 
map prepared by Army Medical Intelligence, 1943. (Based on Goode Base Map No. 
201M. By permission of the University of Chicago Press.) 


insects) ; the gut of most blood-sucking insects is strongly bactericidal and 
bacteria do not persist there more than a few hours. Past pestis and Past 
tularensis, however, are resistant to this bactericidal activity and the insect 
vectors may remain infective for days and perhaps weeks. 

Plague is also present in other rodents. In California the native ground 
squirrels have proved highly susceptible to infection, and through the 
agency of these animals a great reservoir of infection termed sylvatic plague 
has developed.^^ The infection may be overt and occur in -epizootic form, 
and it may also persist as an inapparent latent infection.^^ The squirrel 

^ Plague in the western part of the United States is considered in detail by Eskey 
and Haas: Pub. Health Bull. No. 254, 1940, 

Meyer et at: Jour. Inf. Dis., 1943, 75.'144. 
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flea, Ceratophyllus acutus, transmits the infection to man. In other parts of 
the world other rodents are affected and are the means by which the disease 
is maintained and spread. In South Africa it is the gerbille, in Transbaikalia 
the tarbagan, and in Russia the spermophile that keeps the plague alive in 
animal reservoirs of infection. The tendency of the plague bacillus to estab- 
lish these reservoirs in wild rodents constitutes a danger not fully appre- 
ciated. There is reason to believe that rodent infection is extending in 
several parts of the world, and there is also some experimental evidence 
that plague infection of man contracted from wild rodents is especially 
likely to assume the deadly pneumonic form. 

As pointed out above, plague may assume two epidemiological forms. 
As pneumonic plague it is transmissible by droplet infection and its epi- 
demiological behavior is very similar to that of the other respiratory infec- 
tions. As bubonic plague it is derived from an infected rodent through the 
agency of the flea. In its epidemic form, bubonic plague is nearly always 
associated with the disease in the black rat. Infections derived from other 
rodents, such as the California ground squirrels, are sporadic rather than 
epidemic. The dissemination of bubonic plague in epidemic form, then, is 
determined by the closeness of the association between the infected rat 
population and the human population. Filth and poverty associated with 
a large rat population provide opportunities for transmission of the disease, 
and if transmission takes place on a large scale an epidemic may flare up 
and perhaps extend to even greater proportions as the pneumonic form 
develops. 

Bacteriological Diagnosis of Plague, — In man the bacilh are found 
in material aspirated from buboes, in cultures or smears of internal organs, 
especially spleen, and, in pneumonic plague, in the sputum. The presence 
of gram-negative, bipolar staining, ovoid bacilli is highly suggestive. Blood 
cultmes, taken late in the disease, should be cultiued first in broth. Other 
material may be inoculated directly on blood agar and glycerol agar. Cul- 
tures may be identified by cultural and biochemical characteristics and by 
agglutination in plague antiserum. The bacilli show some tendency to 
spontaneous agglutination and the shde agglutination test is unsatisfac- 
tory. Guinea pigs may be inoculated subcutaneously or, with specimens 
that have undergone gross contamination and decomposition, by rubbing 
the material on the freshly shaven abdomen; the plague bacilli penetrate 
the minute abrasions while the contaminants do not. The animals die in 
two to five days; post-mortem findings are characteristic and include sub- 
cutaneous and general congestion, congested spleen, granular liver, and 
pleural effusion. The bacilli may be found in spleen smears and elsewhere 
and cultured. It is important that the animal be freed of ectoparasites 
before inoculation. Plague in rodents may be diagnosed by post-mortem 
findings, which are similar to those in the guinea pig, by microscopic and 
cultural demonstration of the bacilh, and by guinea pig inoculation. 

Immunity. ^Recovery from plague confers a solid immunity to sub- 
s^juent infection. Experimental animals may be immunized by inoculation 
with suspensions of attenuated or killed plague bacilli, and numerous at- 
tempts have been made to actively immunize man in thi6 way. One of the 
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first plague vaccines was that of Haffkine and consisted of heat-killed bacilli 
from old cultures. This and other killed vaccines have never been particu- 
larly satisfactory and do not produce an ejBScacious immunity in man. 
Inoculation with living attenuated bacilli produces a much more solid 
immunity in experimental animals, however, and avirulent strains appear 
to be as efficient immunizing antigens as virulent strains.^^ The use of 
living attenuated cultures for human inoculation has been attempted in 
the past but not continued because of possible attendant danger. More 
recently the use of such vaccines in man has been investigated by Grasset^^ 
in South Africa with encouraging results, and a similar vaccine has been 
used in recent years in the Netherlands Indies in more than ten million 
inoculations without untoward results.^* 

Antisera to the plague bacillus may be prepared by the judicious immuni- 
zation of horses, or other animals, but their efficacy as therapeutic agents is 
doubtful. 

PASTEURELLA PSEUDOTUBERCLHLOSIS 

Past, pseudotuberculosis (Bacillus pseudotuberculosis rodentivm) causes a 
disease of rodents, particularly guinea pigs. It resembles Past, pestis very 
closely but, unlike the latter, is usually actively motile at 22® C. Other 
differential marks are its tendency to produce alkali in milk cultures and 
its relatively low pathogenicity for white rats. The natural mode of infec- 
tion is probably by way of the alimentary tract. Subcutaneous inoculation 
of guinea pigs proves fatal in two to three weeks, with caseous swellings 
and nodules (“pseudo tubercles,” which have unfortupately given this bac- 
terium its name) in various organs. Past, pseudotuberculosis has been found, 
though rarely, in animals other than the guinea pig, and a few cases of 
infection have been reported in man. 

PASTEtJRELLA TULARENSIS 

Tularemia is a disease of rodents, rabbits in particular, that is trans- 
mitted to man either directly through the handling of the flesh of infected 
animals or indirectly through an insect vector. Past, tularensis (Bacterium 
tularense) was discovered by McCoy and Chapin^® in a plague-like disease 
of the Glaifornia ground squirrel. Tularemia in man, however, is contracted 
largely from the rabbit and it was shown by Francis^ ^ that the disease 
known in Utah as deer fly fever is, in fact, tularemia transmitted from 
infected rabbits to man by the bite of the fly Chrysops discalis. Francis also 
found^^ that Past tularensis was present in rabbits sold in the markets of 
Washington, D. C., and that a disease known as rabbit fever was not 
infrequent among those in contact with the rabbits. In 1938 2088 cases 
with 139 deaths and in 1939 2200 cases with 150 deaths were reported. 

^ Pirie and Grasset: South African Med. Jour., 1938, f 2:294; ibid., 1941, 15:275. 

Grasset: South African Med. Jour., 1941, 15:373; Trans. Roy. Soc. Trop. Med. 
Hyg., 1942, 35:203. 

“ Cf. Otten: Mededeel Dienst VoUtsgezondheid Nederland-Indie, 1941, 30:61. 

McCoy and Chapin: Jour. Inf. Dis., 1912, 10:61. 

Francis: Pub. Health Repts., 1919, 54:2061. 

18 Ibid., 1923, 55:1391, 1396. 
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Human cases have been observed in all 48 States and in the District of 
Columbia.^® 

Morphology and Staining. — In culture Past, tularensis is a minute, 
gram-negative pleomorphic rod 0.2 fx in breadth and 0.3 to 0.7 /x in length; 
the coccoid form predominates in young cultures and the bacillary form in 
older cultures. In smears from the spleens of infected mice or guinea pigs 
the bacteria appear as coccoid forms in well-defined clusters. Capsules are 
present in the body; spores are not formed, and the microorganisms are 
non-motile. 

On semisolid media Past tularensis forms minute, transparent, droplike 
colonies that are mucoid in consistency and readily emulsifiable. 

This bacterium is somewhat difficult to stain; methylene blue is not 
satisfactory, but either carbol fuchsin or anihne gentian violet may be 
used. Bipolar staim’ng may be observed. 

Physiology. — Past, tularensis differs sharply from the other members of 
this genus in that it will not grow on the ordinary media. It may be cul- 



Fig. 90.— Pasteurella tularensis. Note change from coccoidal to bacillary form in twenty- 
four hours on fresh culture medium (Francis) . 

tured on a coagulated egg-yolk medium or on blood dextrose cystine agar.^° 
Until recently it has been assumed that this bacterium could not be grown 
on a liqmd medium. Tamura and Gibby^^ have found, however, that 
growth occurs in casein or gelatin hydrolysate medium supplemented with 
biotin, blood cell extract and fiver extract. Steinhaus and McKee22 have 
found that a medium of heart infusion, dextrose, cystine and hemoglobin 
will support good growth. It is aerobic and facultatively anaerobic, and its 
optimum temperature is 37 C. Fermentation reactions have been investi- 
gated in some detail by F rancis^^ who has found that glucose, maltose and 
mannose are fermented, the fermentation of glycerol, levulose and dextrin 
is irregular, and mannitol, galactose, xylose, trehalose, salicin, arabinose, 
adonite, sucrose, lactose, amygdafin, dulcitol, erythritol, inosite, in- 
ulin, raffinose, sorbitol and rhamnose are not fermented. Differential 

C/. Pub. Health Repts., 1940, 55:667. 

Francis: Bull. No. 130, Hyg. Lab., 1922. 

Tamura and Gibby: Jour. Bact., 1943, 45:361. 

« Steinhaus and McKee: Pub. Health Repts., 1944, 59*78 

Francis: Jour. Bact., 1942, 43:343. 
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fermentations are of no value. It is killed by exposure to 56° C. for ten 
minutes. It has been report that this bacillus contains an endotoxin. 

Pathogenicity. — ^Two clinical types of tularemia are recognized, one 
the glandular or ulceroglandular type, which is the more common, the 
other the so-called ‘'typhoidal” type. In the first instance the acute stage 
of the disease is characterized by headache, pains and fever, and a papule 
appears, frequently on a finger where presumably the bacilli enter the body, 
which later breaks down and forms an ulcer. The axillary and epitrochlear 
glands become painful and swollen and may break down with the discharge 
of purulent material. In cases infected via the conjunctiva, ulcers form on 
the inner surfaces of the eyelids and the cervical and pre-auricular glands 
may become tender and somewhat swollen. In the typhoidal type of the 
disease there are no local symptoms. 

During the first week of illness the bacilli may be present in the blood 
and have been cultured, although in general cultures made directly from 
man are not successful and the bacillus is best isolated by guinea-pig inocu- 



Fig. 91 . — Pasteurella tularensis; coccoidal form; blood of rabbit (Francis). 

lation and culture from necrotic foci found in liver, spleen and lungs of the 
pig on autopsy. Direct cultivation from the blood is rarely possible but has 
been accomplished, and it has been suggested that during the first week of 
the disease an initial bacteremia may occur which, in fulminating cases, 
develops into a septicemia.^® The bacilli can only rarely be found in smear 
preparations from human cases. In the experimental disease the baciUi are 
present in the lymph spaces and phagocytic cells of infected tissues, and 
their presence within the cells in enormous numbers has caused some work- 
ers to suggest an intracellular proliferation of the microorganisms similar 
to that of the Rickettsiae (Chapter 35). Agglutinins are present in the blood 
in the second week of the disease and may persist in diminishing amounts 
for at least as long as eighteen years after recovery. The average duration 
of the disease is two to four weeks. The case fatality is low, 4.8 per cent 
and the pathology of the disease in man is not well known.^® 

Oz: Science, 1940, 92:113; original paper in Turkiscbe Ztschr. f. Hyg. n. Exp. Biol., 
1940, 2:191. 

^ Ransmeier and Schaub: Arcb. Int. Med., 1941, 6^:747. 

For postmortem findings cf. Mathews: New Orleans Med. and Surg. Jour., 1938, 
99:479. 
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A variety of lower animals have been found to be naturally infected — in 
addition to the ground squirrels and rabbits noted above, wild rats and 
mice, woodchucks, opossums, beavers, coyotes, deer, red foxes, ground hogs, 
muslorats, hogs, skunks, dogs, cats and lambs. The infection also occurs 
naturally in some birds such as sage hens, grouse and quail. The guinea 
pig is highly susceptible to artificial inoculation. 

Epidemiology. — As indicated above, tularemia is acc^red by man from 
lower animals either directly or indirectly. The bacilh may enter the un- 
broken skin of the guinea pig, and possibly this may occur in man through 
the dressing of infected rabbits and other animals, or the microorganisms 
may enter by means of minute abrasions on the skin of the hand. Eye 
infection occurs not infrequently; in fact, such infections were the first 
human infections with the bacillus observed.^^ Over 90 per cent of the 
human cases in this country are contracted from rabbits and it is estimated 
that about 1 per cent of wild rabbits are infected. Laboratory infection is 



Fig. 92 . — Pasieurella iularensis in hepatic cells of mouse (Francis). 


not uncommon; 56 cases acquired from dissection were reported to 1940. 
Past, tularensis has also been found in streams^® and is perhaps associated 
with the epizootics occasionally observed in beavers.^® Water-borne epi- 
demics have occurred in Russia and Txnkey but none has been reported 
in this country. 

The transmission of tularemia by an insect vector is common. In addi- 
tion to the deer fly, Chrysops discalis, Dermacentor andersoni, D. variabilis, 
D. occidentalism Hemaphysalis leporis palustris, H. cinnaharina and Ixodes 
ricinus californicus may carry it. In all probability the wood ticks serve to 
disseminate the infection in the animal population, and it is of particular 
interest that the infection is transmitted from the adult tick to the egg and 
both the larvae and the nymphs are infectious. Tularemia may, then, be 
in part maintained in the insect population. 

Whenry and Lamb: Jour. Inf. Dis., 1914, f 5.-331. 

Pub. Health Repts., 1940, 55:227. 

CJ. Jellison, Kohls, Butler and Weaver: Amer. Jour. Hyg., 1942, 35:168. 
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Tularemia has been found in all parts of the United States, in Japan and 
in Central Europe,® ° and extensive epidemics have occurred in Russia. 

Bacteriological Diagnosis of Tularemia. — As indicated above, Past, 
tularensis is difficult to cultivate from infected material. Specimens should 
be streaked on blood-dextrose-cystine agar. Characteristic minute, drop- 
like colonies may appear in three to five days but a culture should not be 
recorded as negative in less than three weeks. The procedure of choice is 
the intrap eritoneal inoculation of a guinea pig with a saline emulsion of 
the specimen; relatively large amounts are required, usually 4 to 8 cc., of a 
fairly heavy emulsion. The animal should die in five to ten days. The 
pathology is characteristic and includes a hemorrhagic edema without pus 
at the site of inoculation, enlargement of the cervical, axillary and inguinal 
lymphatics which contain dry caseous material, and small white necrotic 
areas in the liver and spleen. Smears and cultures may be made but not 
infrequently the bacilli cannot be found or cultivated. In such instances 
the diagnosis depends on the guinea pig pathology. 

Isolated cultures may be identified by specific agglutination. Conversely, 
patient’s serum may be tested for agglutinins; a titer of 1:80 or higher is 
usually regarded as diagnostic if there are no Brucella agglutinins. In the 
event thait Brucella is also agglutinated, the agglutination of Past, tularensis 
occurs more rapidly and to higher titer in tularemia. 

Immunity. — An attack of tularemia confers a solid immunity, and 
second infections, when they occur, produce only a local lesion. It may be 
noted that antibodies (agglutinins) to Past, tularensis show some cross- 
reaction with Brucella melitensis and Brucella abortus, and for this reason, 
together with the complex nutritive requirements of these bacilli, some 
workers have placed them with the Brucella group and termed them Br. 
tularensis. 

Prophylactic inoculation with vaccines is not successful in experimental 
animals in that it does not protect against the injection of virulent strains. 
There is some evidence, however, that vaccine prophylaxis in man confers 
a useful degree of protection.®^ The value of therapeutic antisera is doubtful ; 
its use has been advocated by some,®^ but others®® regard it as having no 
significant effect. 

Perm. Com. Office Int. Hyg. Pub., Session, May, 1937. C/. Bull. Hyg., 1937, i2:6l5. 

Foshay, Hesselbrock, Wittenberg and Rodenberg: Amer. Jour. Pub. Health, 1942, 
52:1131. 

® Foshay: Medicine, 1940, i9:l. 

33 Francis and Felton: Pub. Health Repts., 1942, 57:44. 
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THE HEMOPHILIC BACTERIA 


Family; Parvobacteriaceae. Tribe: Henwphileae, Genus: Hemophilus* Minute rod- 
shaped cells, sometimes thread-forming and pleomorphic, non-motile, non-spore-forming, 
gram-negative. Strict parasites, growing best (or only) in the presence of hemoglobin, and 
in general requiring blood serum or ascitic fluid. Type species: Hemophilus influenzae. 

The genus Hemophilus as at present constituted is a heterogeneous one. 
The true hemophilic or hemoglobinophilic bacteria are those whose growth 
necessitates or is especially favored by the presence of hemoglobin in the 
culture medium. The inclusion of bacteria other than these nutritionally 
distinctive types in the genus Hemophilus is questioned by many. Bacteria 
such as the bacillus of whooping cough and the Morax-Axenfeld and 
Ducrey bacilli are, then, to be associated with the truly hemophilic forms 
such as Pfeiffer’s bacillus in only a tentative way pending a more satis- 
factory grouping. 

THE HEJMOPHILIG GROUP 


Species 

Growth Requirements 

Hemolysis 

X Factor 

V Factor 

H, influenzae 


+ 

- 

H. hemofyiicus 




H. parainfluenzae 

- 

+ 


H. suis {influenzae suis) 

-f 


- 

H. cams {hemoglobinophilus) 


- 

- . 

H, pertussis 

~ 

! 

+ 

H. duplex (Morax-Axenfeld) 

- 


=b 

H, ducreyi 

- 

- 

+ 


HEMOPHILUS INFLUENZAE (PFEIFFER’S BACILLUS) 

Hemophilus influenzae was isolated by Pfeiffer in 1892,^ and was until 
relatively recently regarded by many as the etiologic agent of epidemic 
influenza. Influenza has, however, been shown to be caused by a filterable 
virus (p. 808), and the name influenzae has no etiological significance. 

1 Pfeiffer; Deut. med. Wcbnschr., 1892, Ztscbr. f. Hyg. u. Infektionskr., 1893, 

15 : 357 . 
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Morphology and Staining. — Pfeiffers bacillus is one of the smallest 
known pathogenic bacteria, rarely exceeding 1.5 ^ in length and 0.3 ^ in 
thickness. The ends of the cell are rounded, capsules are not generally 
observed but are present in smooth cultures, spores are not formed, and 
the bacillus is non-motile. There is a marked tendency to produce threads 
and other anomalous forms in culture which is, to some degree, a charac- 
teristic of strains. Some workers have attempted to differentiate varieties 
on the basis of morphology, but there is a continuous series of types, rang- 
ing from predominantly coccobacillary forms to predominantly longer 
bacilli and threads, and no sharp distinction can be made. There is a tend- 
ency, however, to regard the coccobacillary forms as “typical” and the 
longer forms as “atypical”; the typical form appears to predominate in 
strains isolated from pathological processes. 



Fig. 93 . — Hemophilus influenzae, pure culture. Note the variability from coccoid to 
bacillary form and the presence of longer filaments. Fuchsin; X 1050. 

On blood agar the colonies of Pfeiffer’s bacillus are very small, rounded, 
discrete and transparent and may reach the size of a small pinhead. If the 
cultinre is contaminated with other microorganisms, especially Staphy- 
lococcus aureus, the colonies are considerably larger, more opaque, and of 
a grayish white color, and develop most luxuriantly in the neighborhood 
of the foreign colony, a phenomenon termed the “satellite phenomenon.” 

These bacilli are somewhat more difficult to stain than most bacteria; 
Lbffler’s methylene blue for five minutes or dilute (1 : 10) carbol fuchsin for 
ten minutes is satisfactory. They are gram-negative. 

Physiology. — One of the more fastidious bacteria, Pfeiffer’s bacillus 
requires, as noted above, the presence of blood in the culture medium. It 
has been found that two substances present in such blood media are neces- 
sary to the growth of this bacterium; one, designated as the “X factor,” 
is heat-stable and associated with hemoglobin, and the other the “V 
factor,” is heat-labile and is found in yeast and various vegetable extracts 
as well as in whole blood. The satellite phenomenon noted above is due to 
16 
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the formation of the V factor by other bacteria and its diffusion into the 
medium from the colony. The X factor is replaceable by hemoglobin or 
hematin. It seems that these or related compounds are required for respira- 
tion — some strains do not require it for anaerobic growth. It has been 
suggested that hematin is required for the synthesis of catalase; hematin 
can be replaced by cysteine which would reduce peroxide and make cata- 
lase unnecessary. The Y factor may be replaced by coenzyme I or coenzyme 
II but not by nicotinic acid or its amide. iVpparently the whole coenzyme 
molecule must be supplied and it is assumed that the thermolabile substance 
is of this nature (see p. 123) . 

A number of media have been devised for the cultivation of the influenza 
bacillus. Avery’s oleate hemoglobin agar,^ prepared by the addition of 
sodium oleate and a suspension of erythrocytes to an infusion agar base 
is one of the best of these, for not only is the growth of H, influenzae en- 
hanced but the growth of streptococci and pneumococci and some other 
bacteria present in the sputum and nasal mucus is inhibited. The influenza 
bacillus grows luxuriantly on chocolate agar, prepared by the addition of 
fresh blood to hot (90° G.) infusion agar, and heavy growths for aggluti- 
nation and other purposes may be obtained, but this medium does not 
differentiate and hence is not especially suitable for primary isolation. 
Fildes’ agar,2 infusion agar base to which has been added a peptic di- 
gest of blood, supports good growth of the influenza bacillus and is used 
especially by British workers. 

No growth occurs on gelatin or potato. Milk, containing blood, is ren- 
dered slightly alkaline by some strains. Nitrate is reduced to nitrite. Some 
strains — about 50 per cent — form indoL Fermentation reactions are vari- 
able, some strains being inactive while others ferment dextrose and other 
carbohydrates. Some strains are hemolytic while others are not. The hemo- 
lytic strains of H. influenzae do not appear to be clearly marked from the 
non-heruolytic strains by any other differential characters, since indol 
production and carbohydrate fermentation occur in both groups. 

The influenza bacillus shows little resistance toward external conditions. 
Desiccation is quickly fatal. A pure culture suspended in water and then 
dried on silk threads loses its vitality within twenty-four hours; in dried 
sputum life is maintained somewhat longer, but not, as a rule, beyond 
forty-eight hours. The bacilli are readily killed by disinfectants. Even 
under favorable conditions artificial cultures soon die out, and in order to 
preserve vitality subcultxnres must be made every four or five days; 
chocolate agar is suitable for maintaining stock cul tines. 

Varieties. Subdivisions of H. ir^uenzae have been made by a number 
of workers, but whether such varieties deserve the dignity of species stand- 
ing accorded some of them by the Bergey (1939) classification is open to 
serious question. The morphologically ‘Typical” and “atypical” forms have 
been noted above, but these are not regarded as separate species. Other 
distinctions which have been made on the basis of hemolysis and nutritive 
requirements may be summarized briefly : 

2 Avery: Jour. Amer. Med. Assn., 1918, 71:2050. 

3 Fildes: Brit. Jour. Exp. Path., 1928, /;129. 
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(1) The hemolytic and non-hemolytic varieties. The non-hemolytic form 
is designated H. influenzae by Bergey and the hemolytic form H. hemoly- 
ticus. Both require the X and V nutritive factors. These are generally 
regarded as a single species, H. influenzae. 

(2) The swine influenza bacillus, H. influenzae suis or H. suis, which 
closely resembles Pfeiffer’s bacillus except that it is relatively inert bio- 
chemically and differs immunologically. This bacterium, in association with 
a filterable virus, is causally associated with swine influenza. Both X and V 
factors are required for growth. 

(3) The para-influenza bacilli, H, parainfluenzae^ which closely resemble 
H. influenzae except that only the V factor is required for growth and 
these bacteria may be cultivated on agar containing serum or ascitic fluid. 
Although these bacilH are defined as non-hemolytic, hemolytic strains 
showing the same nutritive requirements are found. 

(4) H. canis (H. hemoglobinophilus, H. hemoglohinophilus canis), found 
in the preputial secretions of dogs. It closely resembles H. influenzae except 
that it requires only the X factor for growth. 

Variation and Antigenic Structure. — As tested by direct agglutina- 
tion, H, influenzae is antigenically heterogeneous. Pittman,** however, has 
described rough and smooth forms in which the smooth form is encapsu- 
lated. By means of the agglutination test the encapsulated bacilli are found 
to fall into two immunological types, A and B, and the antigen responsible 
is a specific polysaccharide.® It appears that the majority of strains isolated 
are in the rough form, and these, by the agglutination test, are immuno- 
logically heterogeneous. More recent work,® however, has indicated that 
antigenic proteins may be extracted from the cell substance of influenza 
bacilli. One of these, fraction M, was found to be common to most strains 
of H. influenzae^ indicating an immunological homogeneity demonstrable 
by precipitin tests with appropriately prepared antigens. It will be clear 
that the antigenic structure of H. influenzae is by no means fully under- 
stood as yet. The influenza bacilli appear to be immunologically related to 
certain of the pneumococcus types ; Type A shows cross-reactions with pneu- 
mococcus Type Vlb^ and Type B cross reacts with pneumococcus Type VI 
and Type XKIX.* The immunological relationship of other Hemophilus 
species to the influenza bacillus and to one another is not yet known. 

The S-R dissociation noted by Pittman is to some degree reversible by 
growth in the presence of anti-R immune serum. The relation of virulence 
to this dissociative change is not known. 

Toxins. — ^As in the case of many other bacteria, the cell substance of 
the influenza bacillus is toxic to experimental animals, mice in particular, 
upon parenteral inoculation. Toxic substances are produced in fluid cul- 
tmes, are filterable, and may appear in appreciable quantities after six 
to eight hours’ incubation. Relatively large quantities of the filtrate (2 to 

^ Pittman: Jour. EIxp. Med., 1931, 53:471. 

5 Dingle and Fothergill: Jour. Immunol., 1939, 37:53. 

® Platt: Australian Jour. Exp. Biol. Med., 1939, H:19. 

^ Chapman and Osborn: Jour. Bact., 1942, 44:620. 

« Neter: Proc. Soc. Exp. Biol. Med., 1943, 52:289; Zepp and Hodges: ibid., 1943, 
52:315. 
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4 cc.), however, are necessary to produce death in rabbits, and it is probable 
that a true exotoxin is not formed. 

Patkogenicity for Man. — The pathogenicity of Pfeiffer’s bacillus for 
man is shown by the occurrence of cases of meningitis, mostly in infants 
and of a high fatality, in which H, influenzae is found in pure culture in 
the cerebrospinal fluid. These cases of “influenzal meningitis,” while not 
zery numerous, show that certain strains of this microorganism possess 
a definite invasive power. H. influenzae meningitis is the fourth commonest 
form of purulent meningitis ; it occurs most often in the second six months 
of life and the case fatality rate is between 90 and 100 per cent.^ Occasional 
cases of otitis media, appendicitis, sinusitis, and other localized infections 
may be caused by this bacterium. 

In infections of the respiratory tract the influenza bacillus is frequently 
present, and it is found on autopsy in pneumonic lesions under conditions 
where its destructive action upon the tissues can hardly be doubted. 
Whether it is present as a primary, or secondary invader in these cases is 
more uncertain. Its common occurrence in diseases like measles, whooping 
cough and tuberculosis indicates that its growth on human tissue is favored 
by the presence of other infecting agents. It seems probable that in respira- 
tory infections H. influenzae commonly follows in the wake of some other 
microorganism. 

It may he noted that the relation of this bacillus to influenza is very 
likely that of a secondary invader to the initial virus infection. It is fre- 
quently but not invariably present in cases of influenza and, of course, 
occurs in the absence of this disease. In the case of swine influenza, however, 
the influenza bacillus is, in association with a filterable virus, causally 
related to the disease (p. 809). 

Pathogenicity for Lower Animals. — Except in swine influenza, the 
influenza bacillus is probably not a natmal pathogen of lower animals. 
Upon intraperitoneal inoculation into laboratory animals, mice, guinea pigs 
and rabbits, large doses of these bacteria produce death within one or two 
days. Whether this is an actual invasion rather than a toxemia is uncertain ; 
the bacilli may be found in the peritoneal exudate but usually not in the 
heart’s blood, and petechial hemorrhages may be observed scattered over 
the peritoneum and, sometimes, the pleura. Certain strains produce a fatal 
infection in mice on intracerebral inoculation. As tested by intraperitoneal 
inoculation, the virulence of H. influenzae varies greatly from strain to 
strain; the virulent strains are in a minority and strains from influenzal 
meningitis are generally among the more virulent. 

By inoculation of the mucous membrane of the upper respiratory tract 
of normal monkeys Blake and Cecih® succeeded in producing an acute 
upper respiratory disease resembling influenza with pathologic changes 
similar to spontaneous, uncomplicated H. influenzae pneumonia in man. 
Inoculation experiments upon man with pure cultures of these bacilli, how- 
ever, have given a surprisingly large number of negative results.^^ 

® Cf. Mutch: Lancet, 1941, i.’751. 

Blake and Cecil: Jour. Exp. Med., 1920, 52:691, 719. 

Rosenau: Jour. Amer. Med. Assn., 1919, 75:311; McCoy and Richey: Pub- 
Health Repts., 1919, 54:33. 
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Other hemophilic bacteria have been described in connection with diseases 
of lower animals. H. canis, for example, has been found in association with 
inflammation of the prepuce in dogs but is apparently harmless. Other 
hemophilic bacilli such as H. bovis, H. gallinarum, H, muris, H. ovis have 
been isolated from lower animals. Their relationship to H, influenzae and 
other better known species is not clear. 

THE KOCH-WEEKS BACILLUS 

A small bacillus, first observed by Koch^^ in 1883 in a series of eye in- 
flammations in Egypt, was successfully cultivated by Weeks^^ in New 
York in 1887, and is now recognized as the cause of a world- wide and 
highly contagious form of conjunctivitis sometimes known as pink-eye. 

It has been stated that the Koch-Weeks bacillus will grow on serum 
agar, or a mixture of glycerol agar and ascitic fluid or, at times, even on 



Fig. 94. — Koch-Weeks bacillus in conjxmctivitis; X 900 (Axenfeld, KoUe and Wasser- 

mann). 

nutrient agar.^^ Others^ ^ have found, however, that both the X and V 
factors required by H, influenzae axe required by the Koch-Weeks bacillus. 
It is, in fact, highly probable that this bacillus is identical with H. 
influenzae.^^ 

The bacilli possess slight powers of resistance, and it is unlikely that 
dust is a means of conveying the infection. Direct contact with infective 
material through the medium of hands, towels, handkerchiefs, etc., is the 
usual mode of transmission. A peculiar form of hand infection due to an 
organism probably identical with the Koch-Weeks bacillus has been 
described by McDill and Wherry.^^ 

^ Koch: Arb. a. d. k. Gesund., 1887, 3 Auflage, 62. 

13 Weeks: Med. Rec., 1887, Si :S71. 

1^ Of. Kxistensen: Hemoglohinophilic Bacteria. Copenhagen. 1922. 

13 Fildes: Brit. Jour. Exp. Path., 1923, 4.*265; Kjiorr: Centralhl. f. Bakt., 1924, 92, 
371, 385. 

13 ICnorr: Deut. med. Wchnschr., 1925, 5f .*65. 
i’^ McDiU and Wherry: Jour. Inf. Dis., 1904, i.*58. 
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BACILLUS PERTUSSIS (HEMOPHILUS PERTUSSIS) 

Bacilli resembling H. influenzae were reported by early observers as 
occurring in a large proportion of cases of whooping cough. Although there 
are minor differences in the descriptions of these organisms as given by 
different observers, the cultural and morphological characters are essen- 
tially similar, and there seems little doubt that Spengler, Jochmann and 
Kraus, Wollstein, and Davis^* discovered the same bacillus. More definite 
results were obtained by Bordet and Gengou,^® who found in the bronchial 
exudate from cases of whooping cough a characteristic short oval bacillus 
which grew feebly on a special medium they devised. Earlier named Bacillus 
pertussis, this microorganism is now known either by that name or as 
Hemophilus pertussis or, more casually, as the Bordet-Gengou bacillus. 

Morphology and Staining. — ^The Bordet-Gengou bacillus is a small 
ovoid rod from 1.0 to 1.5 ix in length and 0.3 to 0.5 /x in breadth. The 



* - ji%. 

Fig. 95 . — Bacillus pertussis, pure culture. Fuchsin; X 1050. 

majority of the bacteria occur singly, although they may occasionally be 
seen in pairs end to end; chains do not occur in smears of bronchial exudate, 
but short chains may he seen in cultures in liquid media. This morphology 
is relatively constant and there is not the tendency to the formation of 
thread-hke and other aberrant forms which is exhibited by the influenza 
bacillus. pertussis is non~motile and non-spore-forming, and the smooth 
form is encapsulated. 

On the Bordet-Gengou medium the colonies are smooth, raised and glis- 
tening, with a metallic or pearl-hke luster, and are larger and more opaque 
than those of the influenza bacillus. Forty-eight to seventy-two hours’ 
incubation is required for their appearance and development. Upon further 
incubation they acquire a slight brownish color. A mucoid substance is 
abundantly produced by the culture, and the growth is sticky and tena- 

Davis: Jour. Inf. Dis., 1906, 3:1. 

Bordet and Gengou: Ann. Inst. Pasteur, 1906, 20:731. 



Variation and Antigenic Structure 467 

cious. On blood agar the colonies are surrounded by a narrow zone of hazy 
hemolysis. 

The bacilli stain with a little difficulty and, as in the case of the influenza 
bacillus, methylene blue or dilute carbol fuchsin must be applied for five 
to ten minutes; carbol toluidine blue is recommended by some workers, 
and stains the bacilli a lilac color. A tendency to bipolar staining may be 
observed. They are gram-negative. 

Pliysiology. — B. pertussis is difficult to cultivate upon primary isolation, 
and the Bordet-Gengou medium upon which it grows readily consists of 
1 per cent glycerol agar or glycerol broth made with macerated potato and 
added to an equal volume of human or rabbit blood. By repeated passage on 
media containing less and less blood, however, it may be acclimatized and 
will, in time, grow, although sparsely, upon ordinary nutrient agar. It does 
not, therefore, require the V and X factors that are essential to the develop- 
ment of the hemophilic bacteria. The optimum temperature is 37° C., and 
the bacillus is aerobic and«facultatively anaerobic. 

B. pertussis is biochemically inactive. It does not form indol, does not 
reduce nitrates, and does not ferment any sugars. It is in part because of 
this inactivity and lack of the strict nutritive requirements that charac- 
terize the hemophilic bacteria that many prefer not to include it in the 
genus Hemophilus. 

The resistance of B. pertussis to deleterious influences is feeble and of 
the same order as that of the influenza bacillus. It is killed by exposure to 
55° C. for thirty minutes. 

Toxins. — As in the case of Pfeiffer’s bacillus, the cell substance of B. 
pertussis is toxic upon parenteral injection into experimental animals and 
to about the same degree. Recent work seems to indicate definitely that an 
endotoxin is present in these bacilli which may be separated as a watery 
extract of disintegrated cells. There appear to be two fractions, one heat- 
stable and the other heat-labile and inactivated in thirty minutes at 56° 

On intravenous inoculation in rabbits the heat-stable fraction produces a 
hyperglycemia and the heat-labile fraction a hypoglycemia. Intratracheal 
inoculation in rabbits produces an edematous reaction followed by a lym- 
phocytic infiltration about the blood vessels and bronchi which is reported 
to be similar to the changes produced in the lung in whooping cough. 
Extracellular toxin found in cultures of B. pertussis appears to be liberated 
endotoxin. 

Variation and Antigenic Structure.^ — Unlike the influenza bacillus, 
B. pertussis is generally in the smooth state when isolated from the body on 
an optimal medium, and is immunologicaHy homogeneous. Leslie and 
Gardner^^ have found that their newly isolated strains fell into four immu- 
nologic groups which they designated as Phases I, II, III and IV. Although 
not obviously rough, Phases III and lY are somewhat rougher in appear- 
ance and less stable in saline suspensions than the bacilli of Phase I. The 

20 Evans and Maitland: Jour. Path. Bact., 1937, 45:715; Erich, Bondi, Mudd and 
Flosdorf: Amer. Jour. Med. Sci., 1942, 2(?4:530; Evans: Jour. Path. Bact., 1943, 55:269: 
Sprunt and Martin: Amer. Jour. Path., 1943, 19:255. 

21 Leslie and Gardner: Jour. Hyg., 1931, 51:423. 
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S-R dissociation ofR. pertussis occurs readily on culture on artificial media, 
even on blood agar, and it seems probable that these phases do not repre- 
sent distinct immunological types but rather successive stages in the S-R 
transformation. The importance of the existence of the bacilli in Phase I 
for the preparation of vaccines and the like has been stressed by many 
workers in the last few years; it will be clear, however, that in all proba- 
bility this is but another way of saying that the bacilli must be in the 
smooth state. 

The S-R change, of which the above phases represent the early stages, 
proceeds to the obviously rough stage with consequent alterations in 
colonial morphology and loss of virulence. 

As indicated elsewhere (p. 446), B. pertussis is immunologically related 
to Brucella hr onchise plica, Eldering and Kendrick^^ have described atypical 
bacilli isolated from a small proportion of cases of whooping cough which 
they Bacillus para-pertussis. These bacilli differ from B. pertussis 

in that they grow readily on ordinary nutrient agar upon isolation and pro- 
duce an alkalinity in litmus milk in two to four days. Immunologically, 
they are related to both B, pertussis and Br. hronchiseptica. 

Pathogenicity for Man. — Interest inR. pertussis has centered chiefly 
about the possible etiological rdle of this microorganism in whooping cough. 
Although this bacillus was early observed in the bronchial exudate, where 
it is present in enormous numbers in the early stages of the disease, failure 
to reproduce the disease in laboratory animals and other considerations led 
many to question the etiological significance of R. pertussis. For example, 
the presence of inclusion bodies (p. 784) observed by McCordock^^ has 
suggested a filterable virus etiology. At the present time, however, the chain 
of evidence formalized as Koch’s postulates appears to be complete, and 
it may reasonably be concluded that R. pertussis is the causal agent of 
whooping cough. 

The microorganism is constantly present in the disease, most frequently 
in the catarrhal stage which is known to be the most contagious, less fre- 
quently in the paroxysmal stage, and disappears during the decline, being 
rarely found after the fourth week of disease. It is not found in healthy 
persons who have not been in contact with whooping-cough patients, or in 
patients with infections of the upper respiratory tract other than whooping 
cough-2^ By the cough-plate diagnostic method devised by Chievitz and 
Meyer^^R. pertussis has been isolated in 88 per cent of the cases of whooping 
cough examined by Danish workers and in 98 per cent by Sauer and Ham- 
brecht-® in this country. The cellular infiltration and necrosis of the bronchi 
seen at autopsy in cases of whooping cough have been reproduced in the 
chick embryo by Gallavan and Goodpastm-e;^^ an interstitial pneumonia 
with leucocytic infiltration about the vessels and bronchioles and mucous 
secretion on the bronchial epithelium has been produced by intratracheal 
^ Eldering and Kendrick: Jour. Bact., 1938, J5.-561. 

23 McCordock: Proc. Soc. Exp. Biol. Med., 1932, 2,9:1288. 

24 Wilcox: Jour. Inf. Dis., 1934, 55:199. 

23 Chievitz and Meyer: Ann. Inst. Pasteur, 1916, 59:503. 

23 Sauer and Hambrecht: Jour. Amer. Med. Assn., 1930, 95:263. 

27 GaUavan and Goodpasture: Amer. Jour. Path., 1937, f 5:927. 
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inoculation in the mouse-^ and in the rat by intranasal inoculation.^® Rich®® 
has prodilced symptoms similar to those of whooping cough in man by 
the inoculation of chimpanzees, and MacDonald and MacDonald®^ have 
recorded experimental pertussis in man. 

Significant work upon the relation of B. pertussis to the characteristic 
manifestations of whooping cough has been carried out by Mallory and his 
co-workers.®^ The production of a mild toxin by the bacillus and the absorp- 
tion of the toxin seem to be shown by the exudation of leucocytes into the 
lumen of the trachea and bronchi, by shght changes in the lymph nodules of 
the spleen, lymph nodes, and gastro-intestinal tract, by the occurrence of 
the well-known lymphocytosis of whooping cough, and by the production 
of the antibody which makes possible the specific complement-fixation reac- 
tion. Possibly the cilia are damaged by a toxin, but this is not certain. 
More important than toxic action seems to be the mechanical disturbance 
caused by the presence of the bacilli in the respiratory tract. By their pres- 
ence in enormous numbers, dozens to a hundred or more between the cilia 
of a single cell (Fig. 96), they are thought to interfere seriously with the 
normal ciliary action. Tn consequence, the removal of secretions and inhaled 



Pig. 96. — Whooping cough. Minute bacilli present in masses between cilia of two cells 
lining the trachea; X about 1500 (Mallory and Horner). 

particles is prevented, and the lungs are probably more exposed to infection 
by inhalation than under ordinary circumstances. The bronchopneumonia 
which sometimes develops in fatal cases of whooping cough may be due to 
B. pertussis or to other bacteria, such as the pneumococcus. 

Bacteriological Diagnosis of Whooping Cough.. — ^The bacillus may 
be isolated by the cough plate method using the potato-glycerol-blood agar 
of Bordet and Gengou. The open plate is held 4 to 5 inches from the mouth 
and exposed to one or more explosive coughs. Characteristic colonies appear 
in two to three days but the plate should be retained for five days before 
discarding as negative. Nasopharyngeal swab cultures are reported to give 
a somewhat higher proportion of positive cultures than the cough-plate 
method.®® The swab, on thin flexible copper wire, is passed through a nostril 

Burnet and Timmins: Brit. Jour. Exp. Path., 1937, i8:S3; Bradford: Amer. Jour. 
Path., 1938, f4:377. 

2® Hornibrook and Asbum: Pub. Health Repts., 1939, 54:439. 

30 Rich: Bull. Johns Hopkins Hosp., 1932, 51:346; Rich et aL: Science, 1932, 76:330. 

3^ MacDonald and MacDonald: Jour. Inf. Dis., 1933. 55:328. 

32 MaEory et aL: Jour. Med. Res., 1912-13, 22.-115, 391. 

33 Saito, Miller and Leach: Amer. Jour. Pub. Health, 1942, 52.‘471; Miller, Leach, 
Saito and Humber: ibid., 1943, 55:839. 
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into the nasopharynx and left there for two or three coughs before with- 
drawal and culture on Bordet-Gengou medium. Sputum culture is not par- 
ticularly satisfactory. Colonies of B, pertussis are larger and more opaque 
than those of the influenza bacillus; it may be differentiated further by 
hemolysis on blood agar and growth in the absence of the X and V 
factors.®^ 

Epidemiology. — ^An upper respiratory infection, whooping cough is 
transmitted by means of the secretions of the mouth and nose, to some 
extent through towels, handkerchiefs, hand-to-hand contact and the like, 
and undoubtedly to a great extent by droplet infection. Undiagnosed and 
atypical cases may play an important part in the dissemination of the 
disease. The age incidence is marked with 96 per cent of the deaths in 



Fig. 97. — ^The prevalence of whooping cough in the Registration Area since 1900 as 
indicated by the uncorrected death rates. From data compiled by the Bureau* of the 
Census. 

children under five years of age. In 1940, for example, there were 2296 
deaths from whooping cough in the registration area of the United States, 
a death rate more than triple that for the much more dreaded scarlet 
fever, and there is no doubt that whooping cough is one of the most impor- 
tant killing diseases of childhood. There appears to be some racial difference 
in susceptibility since the Negro death rate is considerably higher than that 
of the whites. In contrast to most other diseases the incidence in females 
is somewhat higher than that in males. The seasonal incidence shows a drop 
during late summer and early fall, with a prolonged peak in the later winter 
and spring (Fig. 98). The disease tends to recur in periodic epidemic waves, 

^^The laboratory diagnosis of whooping cough is discussed critically and in some 
detail by Donald: Brit. Med. Jour., 1938, Sept. 17, p. 613. 
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presumably a consequence of the accumulation of a new crop of susceptibles 
(Fig. 97). ^ 

Immunity. — Recovery from whooping cough is accompanied by the 
development of an immunity. Second attacks occur only infrequently in 
children and then are very inild; in older people second attacks are more 
severe. Complement-fixing antibodies are formed but do not appear until 
the third or fourth week of the disease and, consequently, are of limited 
diagnostic value. It has been claimed that immunes give an allergic skin 
reaction to the intradermal injection of pertussis bacilli; the value of this 
reaction is uncertain. 

Prophylactic Inoculation . — ^The early attempts to use vaccines of B. 
pertussis were not uniformly successful. More encomaging results were 
obtained by Madsen^® and other Danish bacteriologists in the Faroe 
Islands. In the United States Sauer and his colleagues have prepared 
vaccines of freshly isolated, virulent strains which appear to be effective 



Fig. 98. — ^The seasonal incidence of whooping cough. Averages of reported cases by months 
for the years 1930 to 1938 inclusive. Data from Supplements to Public Health Reports. 


in reducing the incidence and severity of the disease.®^ It appears to be of 
primary importance that the vaccine consist of the smooth bacilb of Phase 
I, and earlier reports of the ineflS.cacy of active immunization are 
probably attributable in part, at least, to the use of other than the 
smooth form of the microorganism. It is now definitely established that 
active immunization with properly prepared vaccine confers an effective 
immunity to pertussis.^® Alum precipitated vaccine seems to be effective 

Cjf. Thompson: Jour. Hyg., 1938, 55:104. 

36 Madsen: Jour. Amer. Med. Assn., 1933, 

3^ Sauer and Hambrecht: Jour. Amer. Med. Assn., 1928, 9f.T861; Sauer: Jour. Amer. 
Med. Assn., 1933, i00:2Z9; ibid., i01:lM9i ibid., 1939, ff2:305. 

38 Cf. Kendrick and Eldering: Amer. Jour- Hyg., Sec. B, 1939, 29:133; Maclean: 
Proc. Roy. Soc. Med., 1940, 55:425; Joslin and Christensen: Amer. Jour. Dis. Children, 
1940, 59:1269; Perkins et aL: Amer. Jour. Pub. Health, 1942, 52:63; Bustamante: Rev. 
Inst. Salubridad y Enfermedades Trop., 1942, 5:189; Weiss and Kendrick; Amer. Jour. 
Hyg., 1943, 55:306. 
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also but it is not known whether it is superior to plain vaccine.^® It appears 
also that pertussis vaccine may be successfully combined with diphtheria 
toxoid to allow immunization against the two diseases simultaneously; 
available evidence suggests that the immune response is equal to that 
obtained with separate antigens.^® It is generally agreed that the disease 
is appreciably milder in immunized children. 

With the demonstration of the endotoxins of B. pertussis, considerable 
interest has attached to the possible role of anti-endotoxin in immunity to 
the disease. The toxicity appears to be neutrahzed with appropriately pre- 
pared antiserum and studies with experimental animals suggest that anti- 
toxic antibody may be of importance in the immunity The results have 
not yet been applied to man except on a small scale.^^ 

There is some evidence that antiserum may have prophylactic value^^ 
but neither antisera nor vaccines appear to have therapeutic value. 

THE MORAX-AXEOTELD DIPLOBACILEUS (HEMOPHILUS DUPLEX) 

A small bacillus, described independently by Morax^ and by Axenfeld,^® 
is responsible for infections of the conjunctiva and cornea in man, and is 
known as the Morax-Axenfeld bacillus or Bacillus lacunatus (from the la- 



Fig. 99. — Morax-Axenfeld diplobacillus; smear taken from conjunctiva (Brown Pusey). 

cunae of liquefaction produced by growth on coagulated serum). It has 
been grouped with the hemophilic bacteria by Bergey as Hemophilus 
duplex. 

The short rods, 1 by 2 to 3 frequently appear end to end in pairs or 
short chains. They are non-motile, non-spore-forming and gram-negative. 
They do not grow on the ordinary nutrient media, potato, milk or gelatin 
« Bell: Pub. Health Repts., 1941, 5^:1535. 

*** Schiitze: Lancet, 1940, ii-192; Sauer and Tucker: Amer. Jour. Pub. Health, 1942, 
52:385; Kendrick: Amer. Jour. Hyg., 1943, 55:193. 

^ See Evans: Lancet, 1942, i:529; Anderson and North: Australian Jour. Exp. Biol. 
Med. Sci., 1943, 2f:l; Roberts and Ospeck: Jour. Inf. Dis., 1944, 74:14; Ospeck and 
Roberts: Jour. Inf. Dis., 1944, 74:22. 

^ BuUowa and Alterman: Jour. Amer. Med. Assn., 1942, 420:886. 

*3 Bradford, Scherp and Brooks: Proc. Soc. Exp. Biol. Med., 1942, 49:157. 

** Morax: Ann. Inst. Pasteur, 1896, 10:337. 

« Axenfeld: Centralbl. f. Bakt., I, 1897, 2f:l. 
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but require tbe presence of serum, ascitic fluid or blood in the culture 
medium. They ferment few if any carbohydrates and do not form indoL Co- 
agulated serum is liquefied. They die out within a day or two at room 
temperature but may survive for weeks in culture in the incubator. It has 
been reported^® that hemolytic and non-hemdlytic types occur which may 
be differentiated immunologically. 

So far as is known this microorganism is pathogenic only for the human 
eye. The inoculation of experimental animals is without effect, but the 
instillation of the bacilli onto the conjunctival sac of man results in the 
development of a blepharoconjunctivitis, either chronic or acute, and severe 
inflammation of the cornea may be produced. Treatment with 0.25 per 
cent zinc sulfate solution is specific and produces a rapid cure, while silver 
salts are without effect. The disease is widely distributed and has been 
reported in Europe, Africa and North America. 

BUCREY’S BACILLUS (HEMOPHILUS DUCREYI) 

“Soft chancre” or “chancroid” is a venereal disease transmitted by direct 
contact. The lesions, which are on the genitals or adjacent areas, are irreg- 
ular ulcers which differ from the hard or hunterian chancre — the primary 
lesion of syphihs — in that they are not indurated. Unlike syphilis, the 
infection remains localized, spreading no further than the neighboring 
lymphatics, which may become swollen to form secondary buboes in the 
groin. 

The bacillus which bears his name was found by Ducrey'^’^ in the purulent 
discharge from the lesion, and by the inoculation of the skin of the forearm 
he was able to transmit the disease through fifteen generations. The micro- 
organism was obtained in pure culture by Besangon, Griffon and le Sourd*® 
in 1890. 

Ducrey’s bacillus is a short rod 1 to 1.5 g in length and 0.6 ju in breadth. 
In smears it is generally found to be ovoid, and there is a tendency to occur 
in end-to-end pairs or in short chains; in broth culture longer chains may 
be observed. It is non-spore-forming and nonmotile. The bacillus not infre- 
quently stains irregularly and bipolar stsuning may be observed. It is 
stained by the usual aniline dyes and is gram-negative. 

The bacillus will not grow on the ordinary laboratory media and requires 
the addition of serum or, preferably, blood. The small, grayish, glistening 
colonies appear in blood agar in twenty-four hours and, after two to three 
days’ incubation, show a narrow zone of hemolysis. The bacilli may be 
cultivated from the chancroid by inoculating tubes of fresh (not more than 
three to five days old) rabbit blood. Smears made at the end of twenty-four 
to forty-eight hours’ incubation will show the characteristic tangled chains 
of gram-negative bacilli.^® These bacteria cannot be identified in smears 
from the chancroid because of a tendency to aberrant morphology.^® The 

Oag: Jour. Path. Bact., 1942, 54:128. 

Ducrey: Compt. Rend. Cong. Interaat. Derm. Syph., 1890, 229. 

Besangon, Griffon and le Sourd: Presse med., 1890, 2:385. 

Teague and Delbert; Jour. Urol., 1920, 4:543. 

^ See the discussion of diagnosis by Greenwald; Jour. Amer. Med. Assn., 1943, 121:9 
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bacilli may be isolated and cultivated on the chorioallantois of the de- 
veloping chick embryo, and appear to have little pathogenicity for the 
embryo.®^ 

There is little or no immunity. The chancroid is frequently multiple and 
is auto-inoculable, A hypersensitivity develops, however, which is mani- 
fested as a reaction to the intradermal inoculation of killed bacilli, and 
which persists for many years. Antisera and autogenous vaccines are said 
to have therapeutic value. 

Ducrey’s bacillus appears to be non-pathogenic for lower animals. 

^ Anderson and Snow: Amer. Jour. Path., 1940, i6:269. 
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PSEUDOMONAS; PROTEUS AND MORGAN’S BACILLUS; LAC- 
TOBACILLUS; LISTERELLA; NON-SPORE-FORMING 
ANAEROBIC BACILLI; BARTONELLA; 

PLEUROPNEUMONIA GROUP 

PSEUDOMONAS PYOCYANEA 

Family: PseudomonadcLceae. Tribe: Psendomonadeae. Genus; Pseudomonas. Small, 
motile, aerobic, gram-negative rods with polar flagella. Commonly produce a water- 
soluble blue, green or yellow pigment. Powers of carbohydrate fermentation feeble. 
Widely distributed in water and soil. Some species are pathogenic. Type species: Pseudo- 
monas pyocyanea (or aeruginosa). 

The genus Pseudomonas includes some thirty species which are found, 
for the most part, in water, soil and wherever organic matter is decom- 
posing, The fluorescent bacteria are members of this genus, Ps. fluorescens 
being the gelatin-liquefying form and Ps. non-liquefaciens the nonliquefy- 
ing form. The elaboration of blue pigment by Ps. syncyanea results in 
“blue milk.” One species, Ps. septica, is the cause of a disease of cater- 
pillars, another, Ps.Jaegeri, is pathogenic for chickens, and a third recently 
discovered species, Ps. reptilovorxxs, produces disease in certain reptiles. 

The best known species of Pseudomonas^ however, and the only one that 
is pathogenic for man, is Ps. pyocyanea. The blue or blue-green stains that 
sometimes appear upon surgical dressings long ago attracted attention, and 
even before the cause of the phenomenon had been discovered Fordos^ 
studied the pigment. Gessard- found, in 1882, that the pigment was the 
product of a specific microorganism, Ps. pyocyanea^ which he isolated in 
pure culture. 

Morphology and Staining. — The cells of Ps. pyocyanea vsiry consider- 
ably in size and proportion, but appear usually as small, slender rods, 1,5 
to 3 jLt long and 0.5 jlc broad, frequently united in pairs and short chains. 
There are 1 to 3 polar flagella, and the bacterium is actively motile. Neither 
capsules nor spores are formed. The colonies are large and spreading, edges 
are irregular, and the consistency butyrous. These bacilli stain readily with 
the usual aniline dyes and are gram-negative. 

Physiology. — Ps, pyocyanea grows readily on all the ordinary culture 
media and most rapidly at a temperature of 30° to 37° C. Aerobic conditions 
are required, although it is sometimes said that there is some growth under 
anaerobic conditions. Gelatin is rapidly liquefied, hydrogen sulfide is pro- 
duced, and indol formation is variable. The fermentative abilities of this 
bacterium are not great; acid is produced from dextrose, but most other 

^ Fordos: Gompt. Rend. Acad. Sci., 1860, 5f-*215. 

2 Gessard: La pyocyanine. These, Paris, 1882. 
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carbohydrates are not attacked. An alkaline reaction is produced in litmus 
milk; a soft coagulum is formed, followed by rapid peptonization and 
reduction of the indicator. 

One of the most distinctive characteristics of Ps. pyocyanea is its pro- 
duction of a bluish green, soluble pigment which does not color the col- 
onies or other masses of growth but instead diffuses into the medium. 
There are actually two pigments formed. The one, pyocyanin, is a deep 
blue in color and can be extracted from aqueous solution by chloroform, 
and the other, a yellowish green fluorescent pigment, is soluble in water 
but not in chloroform. They are both oxidation products of colorless pre- 
cursors. Both sulfate and phosphate are required for the formation of 
pyocyanin. Pyocyanin is formed only by Ps. pyocyanea, but the fluorescent 
pigment is formed by several other species of Pseudomonas. These pigments 
may occur separately or together, and the conditions that determine their 



Fig- 100.— Colonies of Ps. fluorescens on nutrient agar. Twenty-four-hour culture. X 3. 


formation have been exhaustively studied.^ Wrede^ has determined the 
composition of pyocyanin, which has proved to be an entirely new type of 
dye and the first instance of a phenazine derivative occurring in nature 
(p. 129). 

Pathogenicity. — For some time after its discovery Ps. pyocyanea was 
generally regarded as a harmless saprophyte, or at the most as a micro- 
organism of slight pathogenic power. It has since been learned that this 
bacterium is causally associated with a great variety of suppurative and 
other affections in man. Apart from the many doubtful cases in which Ps. 
pyocyanea is found mixed with streptococci, staphylococci and other micro- 
organisms where its share in inciting pathological processes is problematic, 
numerous instances are on record in which little or no question exists as to 
its etiological role. It has been found by a number of workers in pure cul- 
ture in abscesses in different parts of the body, especially in the middle ear. 

3 Jordan: Jour. Exp. Med., 1899, 4:627. 

^ Wrede: Ztschr. f. Hyg, u. Inf ektionskr., 1930, 
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Cases of endocarditis and pneumonia have also been met in wMcb Ps, 
pyocyanea seemed to be the sole responsible microorganism. A generalized 
and fatal form of pyocyanic infection has been observed by a number of 
investigators, and the bacillus has been found in the blood during life. 
Ps. pyocyanea^ has been found constantly present in the intestinal dis- 
charges of patients during a dysentery-like epidemic, and the same micro- 
organism was also present in abundance in drinking water which seemed, 
on epidemiological grounds, to be implicated in the outbreak. Ghosh® re- 
ported a series of cases of infection with this bacillus that closely simulated 
Asiatic cholera. There is no doubt that under certain conditions Ps, pyo- 
cyanea is pathogenic for' man, although probably human infections are 
relatively rare. 

The intraperitoneal injection of 0.25 cc. of culture of a virulent strain 
will kill a guinea pig with acute symptoms in twenty-four hours. Smaller 
amounts are also fatal but less rapidly. Subcutaneous inoculation produces 
a marked local reaction. The symptom-complex presents nothing especially 
characteristic. Rabbits are not so susceptible as guinea pigs; mice and 
pigeons are less susceptible than rabbits. Immunity can be produced by 
small, non-lethal doses. 

The occurrence of Ps, pyocyanea as a plant pathogen and its close rela- 
tionship, if not identity, with Phyiomonas polycolor^ has been noted else- 
where (p. 295). 

PROTEUS 

Family - Enterobaciericiceae. Tribe: Proteae. Genus: Proteus. Highly pleomorphic gram- 
negative rods. Actively motile vdth peiitrichal flagella. Luxuriant growth on ordinary 
media with characteristic spreading colonies. Gelatin liquefied; dextrose and sucrose are 
fermented with gas production, but lactose is not attacked. Type species : Proteus vulgaris. 

These microorganisms were originally described by Hauser’" as an inde- 
pendent genus containing three species — Pr. vulgaris, Pr. mirahilis, and 
Pr. zenkeri. It is now generally agreed that the last is not closely related to 
the typical members of the group (it is gram-positive), and it is now placed 
in a separate genus as Kurthia zenkeri.^ The genus Proteus now contains 
eight species, but the rapidity of gelatin liquefaction is no longer used as a 
differential character.® 

Proteus (vulgaris) is one of the most common bacteria in soil and water 
containing decomposing organic matter of animal origin. It is often found 
abundantly in sewage, but does not occur in normal feces so frequently as 
sometimes stated. It is perhaps to be identified with “the bacterium of 
putrefaction,” the so-called ‘‘Bacterium termo'’ of early writers. 

® Ghosh: Jour. Indian Med. Assn., 1938, 7:655. 

® Elrod and Braun: Jour. Bact., 1942, 44:633. 

^ Hauser: Uber Fdulnissbakterien. Leipzig- 1885. 

® As of the 1939 Bergey classification- Formerly Zopfius zenkeri, the genus Zopfius 
has now been discarded. 

® Comprehensive studies of the Proteus group have been made by Bengtson: Jour. 
Inf. Dis., 1919, 24:428; Wenner and Rettger: Jour. Bact., 1919, 4:331; Moltke: Contribu- 
tion to the Characterization and Systematic Classification of Bact. proteus vulgaris (Hauser). 
Copenhagen. 1927. See also the discussion of the taxonomic relationships in this group 
by Rustigan and Stuart: Proc. Soc. Exp. Biol. Med., 1943, 5^:241. 
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Morphology and Staining. — In general, these bacteria appear as 
straight or slightly curved rods 1 to 2.5 in length and 0.4 to 0.6 ix in 
breadth, frequently in end-to-end pairs and short chains. Ovoid forms 
are common, however, and long, curved, filamentous cells predominate in 
actively swarming cultures. Proteus is actively motile by peritrichous 
flagella and forms neither capsules nor spores. 

The phenomenon of “swarming” exhibited by these bacilli is a conse- 
quence of their active motility. On the surface of agar media the colonies 
do not remain compact and discrete; the growth spreads rapidly over the 
entire surface available as a thin, scarcely visible bluish film. Microscopic 
observation shows that the bacilli break away from the edge of the growth 
and migrate or “swarm” over the surface of the medium, thus giving rise 
to the thin film of growth. This property is a source of considerable incon- 
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Fig. 101 . — Proteus vulgaris. Smear from a pure culture. Note the coccobacillary form 
The occasional occurrence of paired cells is a result of active multiplication. Fuchsin; 
X 1050. 


venience in the isolation of bacteria other than Proteus from mixed cultures 
in which it is present; the inclusion of 0,01 per cent sodium azide inhibits 
the growth of this and other gram-negative bacilli but allows the growth of 
streptococci.^® 

These bacilli stain readily with the usual aniline dyes and are gram- 
negative. 

Physiology. — ^The nutritive requirements of Proteus are simple, and 
the bacilH grow readily upon the ordinary laboratory media. They may 
be cultivated in synthetic solutions containing ammonium lactate, but 
nicotinic acid must be supplied.^^ The optimum temperature for growth 
is 30° to 37° C., though good growth occurs at 20° C. These bacteria are 
facultative anaerobes, but anaerobic growth is generally very poor. 

Gelatin is liquefied more or less rapidly, often with a characteristic colony 
formation with radiating filaments which wander far off into the surround- 

Snyder and lichstein: Jour. Inf. Dis., 1940, ^7,T13. 

Fildes: Brit. Jour. Exp. Path., 1938, f 9:239. 
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ing medium. The typical Proteus colonies are best formed when the gelatin 
is soft, as happens when it is kept at a temperature not far below the melting 
point or is made up with 5 instead of 10 per cent gelatin. Dextrose is fer- 
mented with acid and gas production; sucrose and maltose are fermented 
by some, but not by all, strains; lactose, raffinose and mannitol are never 
fermented by the typical Pr, vulgaris. The Voges-Proskauer reaction is 
negative and the methyl-red test positive. Nitrates are reduced. Milk is at 
first rendered slightly acid, then curdled with alkaline reaction (in about 
three days), and more or less slowly peptonized. 

Moltke® found that production of hydrogen sulfide and the decomposition 
of urea distinguish Proteus from all other gram-negative gelatin-liquefying 
bacilli. In a study of 194 strains he observed a definite division on the basis 
of maltose fermentation; 37 fermented maltose and 157 did not. All but 
one of the maltose-positive strains produced indol and none of the maltose- 
negative did. There were other correlated qualities. 

^Proteus was long regarded as especially concerned in the putrefaction 
(anaerobic decomposition) of protein substances, but Rettger and Newell^^ 



Fig- 102 . — Proteus vulgaris colony on blood agar. Note the swarming exhibited as suc- 
cessive waves of growth (Dack). 

have shown that no decomposition of protein is effected by Proteus under 
anaerobic conditions, but with aerobic growth the ordinary non-putrefactive 
products of protein decomposition are formed. 

Antigenic Structure , — Proteus contains both H and O antigens (p. 269) 
when motile, and the non-motile, non-swarming strains contain only 0 
antigen. According to Moltke,® the swarming strains can be divided into 
three groups by direct agglutination and into subgroups by absorption 
tests. Certain Proteus strains are agglutinated by the serum of patients 
having typhus fever. These so-called X strains contain an antigen common 
to the typhus rickettsiae and the agglutination of these bacilli (the Weil- 
Fehx reaction) is of diagnostic value in typhus fever (p. 766). In the 
Proteus strains the antigen is a part of the 0 antigen and its specificity is 
determined by an alkafi-stable carbohydrate haptene which is also found in 
the Rickettsia prowazeki.^^ The best known of the X strains is X-19. The 
X strains, it may he noted, frequently ferment maltose. 

^ Rettger and Newell: Jour. Biol. Chem., 1912, f 5:341. 

Cf. White: Brit. Jour. Exp. Path., 1933, f4:145; Castaneda: Jour. Exp. Med., 1934, 
60:119: ibid., 1935, (52:289. 
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Pathogenicity. — Proteus, both in mixed and pure cultures, has been 
found to be associated with a variety of pathological conditions. Infections 
of the eye and ear, pleuritis and peritonitis and suppurative abscesses in 
many parts of the body are among the many instances in which the patho- 
genic power of this bacterium in pure culture can hardly be doubted. As a 
producer of cystitis it probably ranks next to Bacterium colL Besides its 
independent pathogenicity, it is found so commonly associated with other 
microorganisms in purulent war wounds and similar processes that its 
activity as an accomplice is probably second only to that of the cocci. 

In certain affections of the digestive tract Proteus has been frequently 
held to be the responsible agent. In diarrheic stools, especially those of 
infants, it has often been found in large numbers, and is regarded by many 
as a cause of infant diarrhea.^^ The real relation of Proteus to intestinal 
infection is, however, still qmte obscure. 

Certain food-poisoning epidemics have been ascribed to Proteus. These 
cases have been collected and subjected to a critical analysis by Bengtson/® 
who concludes that a definite proof of the causal relationship between the 
bacterium isolated and the illness is lacking in all instances. Further evi- 
dence is needed to establish the role of Proteus in food poisoning. 

Animal inoculation shows that a great range of virulence exists among 
the Proteus cultures that have been tested. Freshly isolated strains from 
pathological sources may produce definite lesions, including abscesses, 
enlargement of the spleen and a diarrheic condition. One strain from a case 
of peritonitis has been reported which kiUed mice in amounts of 0.005 cc. 
of broth culture. The etiologic agent of “red-leg” disease of frogs, “ulcer 
disease” of brook trout, and “red sore” of pike has been found to be a 
bacillus closely related to the Proteus group and it has been classified as 
Proteus hydrophilus.^^ The cell substance of these bacteria is toxic on paren- 
teral injection and, as in the case of the enteric forms, appears to be a 
glucolipoid,^’' No difference in toxicity is apparent between strains of 
pathogenic and non-pathogenic origin. 

Morgan’s Bacillus. — This bacillus was isolated by Morgan^® from the 
stools of infants suffering from summer diarrhea. Although it was first 
designated as “Morgan’s No. 1,” the other varieties of “Morgan’s bacilli” 
have long since faded out of general interest and recognition, so that the 
name Morgan bacillus is usually applied to “Morgan’s No. 1.” In its cul- 
tural characteristics Morgan’s bacillus resembles the coliform bacteria and, 
since it does not ferment lactose, has been grouped by some with the 
paracolon bacilli.^ ^ Although it does not liquefy gelatin, more recent recon- 
siderations^® suggest that it is more closely related to the Proteus group, 
and it is therefore classified as Pr, morgani. 

Cf. Neter and Farrar: Amer. Jonr. Digest. Dis., 1943, 1 0:344. 

^ Bengtson: Jour. Inf. Dis., 1919, 24:428, 

Kulp and Borden: Jour. Bact., 1942, 44.-673; Reed and Toner: Canadian Jour. Res., 
Sec. C, 1942, 20:161. 

Bacbmann and Mielke: Gentralbl. f. Bakt., I, 1939, 144:268. 

Morgan: Brit. Med. Jour., 1906, i:908. 

Jordan, Crawford and McBroom: Jour. Bact., 1935, 29:131. 

Cf. Rauss: Jour. Path. Bact., 1936, 42:183; Sevin and Buttiaux: ibid., 1939, 49:457. 
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This bacillus appears to have played a part in a number of outbreaks of 
summer diarrhea of infants and has been isolated from paratyphoid-like 
fevers. It has been found to give rise to spontaneous epidemics of enteritis 
in mice. Injected intraperitoneally into mice, Morgan’s bacillus produces a 
rapidly fatal infection. 

LACTOBACILLUS* 

This genus is composed of a somewhat loose assemblage of microorgan- 
isms which produce considerable quantities of lactic acid from carbohy- 
drates and which are able to withstand a degree of acidity usually fatal to 
non-sporulating bacteria. The latter characteristic is useful in the isolation 
of cultures as well as in distinguishing the group. Kendall^^ has proposed a 
term, aciduric (acid-tolerant), which is now commonly applied. 

Morphologically some of the lactobaccilli are long, slender rods, while 
others are somewhat similar to the colon bacillus but unlike it they are 



Fig. 103 . — Lactobacillus sp. isolated from the mouth. Morphologically identical with 
L. acidophilus. Note the diplobacillary form and palisade arrangement of the cells. X 2500 
(R. W. Harrison). 

all gram-positive. They are non-motile. Many cultures exhibit a typical 
diplobacillary form, often kidney-shaped. Old cultures frequently exhibit 
considerable pleomorphism. As a rule, cultures are facultatively anaerobic 
or microaerophilic, and some of them, particularly L. bifidus, are anaerobic 
on primary isolation. 

Classification has been based primarily upon source of the cultures. 
Although this is an insecure criterion for differentiation, no really satis- 
factory basis of classification has been developed. Rahe^^ and a number of 
other investigators have attempted classifications by means of carbohy- 
drate-fermentation reactions. Many strains otherwise apparently identical 

* The section on Lactobacillus is written by Dr, R. W. Harrison, Dean of the Divi- 
sion of Biological Sciences, and Professor of Bacteriology, Zoller Memorial Dental 
Clinic, the University of Chicago. 

21 KendaU: Jour. Med. Res., 1910, 22:153. 

22 Rahe: Jour. Inf. Dis„ 1914, 15:141; 1915, f <5:210. 
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differ, however, in fermentative reactions, and many cultures change in 
reaction after prolonged artificial cultivation. These variations make it 
doubtful whether such reactions are of any more value than morphological 
and colonial characters which are also subject to considerable variation. 
Efforts to classify the lactobacilh on the basis of metabolic activity have 
been more promising. Davis and Rogers^^ separated these organisms into 
three groups differing in respiratory mechanisms. Curran, Rogers and 
Whittier^^ had earlier investigated the possibility of differentiation by 
means of the end products of metabolism. The serological relationships of 
a number of species have been studied by several investigators. Aggluti- 
nation tests, hampered often by spontaneous agglutination, have tended to 
complicate rather than simplify the problem. These reactions in some groups 
have been so heterogeneous as to indicate strain-specificity. In other cases 
close relationships have been demonstrated. For example, L. hifidus andL. 
acidophilus were found by Cruickshank^® and by Weiss and Rettger^^ to be 
closely related. Harrison and co-workers, using strains of oral origin, 
studied their polysaccharide precipitation reactions in an effort to establish 
an immunological classification. They reported the existence of four or 
more immunological types^^ but indicated later that some strains are un- 
stable, changes in immunological specificity occurring apparently in 
association with changes in fermentation reaction.^® There is evidence^ ^ 
that cultures from the intestine include types identical with those obtained 
from the mouth. 

About forty species are recognized, of which most have been isolated 
from milk products or fermented foods and are widely used in various 
industrial processes. Some have been obtained from soil, and others are 
common inhabitants of the edimentary canal. Interest in this group, except 
for its uses in industrial fermentation processes, has been directed largely 
toward those members associated with dental caries and the species found 
in the intestinal flora. 

Lactobacillus Acidophilus. — ^First cultivated by Moro in 1900 from 
the feces of infants, this organism has been isolated from the intestine of 
nearly all the mammalia, many other vertebrates and some of the inverte- 
brates. It increases in the intestine when the carbohydrate content of the 
diet is increased and may become predominant when a milk diet is admin- 
istered.®® These bacilli, fairly large and of variable length, are arranged 
singly, in pairs frequently shghtly bent at the juncture, and in palisades 
(Fig. 103). Long chains, filamentous forms and club shapes are not un- 
common. Young cultures stain uniformly gram-positive. Old cultures, how- 

2® Davis and Rogers: Chem. and Indust. (London), 1939, 55:1021. 

2^ Curran, Rogers and Whittier: Jour. Biol. Chem., 1919, 59:347. 

Cruickshank: Jour. Hyg., 1925, 24:241. 

Wei^ and Rettger: Jour. Bact., 1934, 25:501. 

Harrison, Zidek and Hemmens: Jour. Inf. Dis., 1939, 55:255; Harrison: ibid., 1942, 
79:69. 

2® Harrison: Jour. Inf. Dis., 1942, 70:11. 

2» Harrison and Opal: Jour. Dent. Res., 1944, 25:1. 

Rettger and Cheplin: A Treatise on the Transformation of the Intestinal Flora with 
Special Reference to the Implantation of Bacillus Acidophilus. New Haven. 1933. 
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ever, often show heading or bipolar staining and may be easily destained 
so that they appear to be gram-negative. Colonies, usually small, may vary 
in shape between a smooth, rounded opaque form and a flattened, trans- 
lucent, irregular form often having a ground-glass appearance. Fermenta- 
tion reactions are variable, but most strains produce acid, no gas, from 
glucose, lactose, maltose and sucrose, and coagulate milk within forty- 
eight hours. The organism is used in the preparation of acidophilus milk, a 
buttermilk with considerable acidity, for which a number of therapeutic 
claims have been made.^^ Doderlein’s bacillus (1892), {Bacillus vaginalis^ 
Bacillus crassus)^ a common constituent of the flora of the vagina and 
believed to aid in the natural defenses against infection by contributing 
to the aci<iity of the vaginal secretions, is thought to be identical with L. 
acidophilus, 

Lactobacillus Bifidus. — Apparently closely related to L. acidophilus 
and often difficult to distinguish from it, L. hifidus is usually a thinner rod 
with ends somewhat more tapering and sometimes bifurcated (Fig. 104). 
It was isolated from feces of breast-fed infants by Tissier in 1900. Although 
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Fig. 104. — Lactobacillus bifidus. Note the Y-shaped forms (Dack). 

common in the intestine of breast-fed infants, sometimes reaching over 90 
. per cent of the total intestinal flora, it is less conspicuous in the intestinal 
contents of bottle-fed babies. It is sometimes found also in the feces of 
adult animals, including man. Antigenically it is closely related to L. acid- 
ophilus and like it produces acid, mainly lactic, from a number of sugars. 
Unhke the latter, it usually ferments inulin. It is anaerobic on primary 
isolation and some strains never grow well under aerobic conditions. Growth 
is enhanced by cystine.®^ Partly because of its anaerobic requirements, it is 
sometimes classified with the Bacteroides. Tissier also isolated from feces of 
infants a similar organism (Lactobacillus exilis) which differs from the first 
in the possession of a more regulsu morphology and in greater facility of 
growth under aerobic conditions. 

Lactobacillus Bulgaricus. — This name is given to an organism iso- 
lated by Grigoroff in 1905 from Bulgarian fermented milk. It gained promi- 

For an analysis of this subject see Rettger, Levy, Weinstein and Weiss: Lactobacillus 
acidophilus and Its Therapeutic Application, Yale University Press. New Haven. 1935. 

32 Blaurock: Zentralhl. f. Bakt., I Abt., 1939, 
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nence through the work of iVIetchnikoff, who believed that intestinal putre- 
faction could be restrained by drinking milk fermented by this organism. 
When it was later shown that L. bulgaricus does not become irnplanted in 
the intestine, its use in experimental therapeusis was dropped in favor of 
L. acidophilus. More difficult to cultivate than L. acidophilus, slightly 
larger and somewhat different in sugar fermentations, it is nevertheless 
closely related. Sherman and Hoge have reported®^ thatL. bulgaricus rarely 
grows at 15° G., dies out on repeated culture in a lactose-peptone-yeast 
extract broth, is unable to grow in media containing 2.5 per cent NaCl and 






Fig. 105. Fig. 106. 

Fig. 105. — Ground section of human tooth enamel showing an unstained bacterial 
plaque growing on the surface. Note the enamel rods and hlamentous bacteria. X 1200 
(Blayney). 

Fig. 106. — Groimd section through an early carious lesion in human tooth enamel 
stained with gentian \dolet. Note the intimate contact of the bacterial plaque with the 
eroding surface. X 500 (Blayney). 


fails to grow in broth at pH 7.8, while L. acidophilus will grow under all 
these conditions. The Boas-Oppler bacillus, first seen in 1895 in the gastric 
juice of patients suffering from carcinoma of the stomach and cultivated 
by Heinemann and Ecker^^ from patients with this and other gastric 
diseases, is a member of this group, similar to, if not identical with, L. 
bulgaricus. 

Dental Caries* — There is much disagreement concerning the basic fac- 
tors responsible for susceptibility and resistance to dental decay, and there 

33 Sherman and Hoge: Jour. Bact., 1940, 4P:11. 

3^ Heinemann and Ecker: Jour. Bact., 1916, f.*435. 
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is a wide diversity of opinion as to the relative importance of general 
systemic conditions, diet, bacterial flora of the mouth and various local 
factors in the oral environment. Nevertheless, it has been well established 
that certain microorganisms, particularly members of the lactobacillus 
genus, are usually associated with the disease and, although there is not as 
yet direct experimental proof, considerable indirect evidence has been 
adduced to indicate that this association is etiological.^® It has not been 
shown, however, that other carbohydrate-fermenting, acid-producing 
organisms are not implicated also. 

Much of the evidence that lactobacilli are associated with dental caries 
has been obtained from cultures of saliva. Many investigators have found 
close correlation between the numbers of lactobacilli in saliva and the 
degree of carious involvement of the teeth. Such a correlation is by no 
means invariable, however. In some studies®® lactobacilli have been found 
to be a minor constituent of the salivary flora and to be infrequent in or 
absent from the flora of carious cavities. Bradel and Blayney®’^ in a study 
of some 4000 saliva samples from carious patients found in the majority 
of cases a fair degree of correlation between the numbers of lactobacilli 
and the amount of tooth decay. There were, however, more than 900 
samples in which they did not find any lactobacilli. Bibby®® has suggested 
that the association of lactobacilli with dental caries is a result of the 
favorable habitat furnished by the cavities in the teeth. A number of dental 
bacteriologists differ from this view and interpret the results of saliva 
cultmes as indicating a correlation with the degree of caries “activity” 
rather than with the amount of cavitation present- A “caries activity test”®® 
based on this hypothesis has been developed. 

Most of the present-day theories of the etiology of dental caries, whether 
they assign primary or secondary roles to the oral flora, are based on the 
hypothesis that the actual process of decalcification is due to the action of 
organic acids elaborated on the tooth by microorganisms. Areas of the 
tooth surface which are protected from the cleansing action of roughage 
in the diet are covered by bacterial plaques, thin, tenacious, felt-lik'e layers 
composed of leptotrichia, actinomyces and a variety of other microorgan- 
isms including chiefly bacillary and coccal forms. A section of a tooth 
with a plaque attached is shown in Fig. 105. The underlying enamel is 
sound- 

A relationship of the bacterial plaque to the initial stages of dental caries 
was first clearly postulated by Black^® near the turn of the century but 
little experimental confirmation has been advanced until recently. After 

For reviews see Ch. VIII by T. Rosebury and Cb. X by P. Jay in Dental Science 
and Dental Art, edited by S. M. Gordon. Lea & Febiger. Philadelphia, 1938. 

36 Cf. Bibby, Volker and Van Kesteren: Jour. Dent. Res., 1942, 21:61; Anderson and 
Rettger: ibid., 1937, J6:489. 

3^ Bradel and Blayney: Jour. Amer. Dent. Assn., 1940, 27:1601. 

33 Bibby: In Dental Caries. University of Pennsylvania Press. Philadelphia, 1941, pp. 
27-43. 

39 Cf. Jay: Amer. Jour. Pub. Health, 1938, 2^:759. 

^ Black: Operative Dentistry. Medico-Dental Publishing Co. Chicago, 1908, Vol. 1, 
p. 75. 
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caries begins under a plaque it extends through the enamel as in the illus- 
tration in Fig. 106, and the dentin becomes involved. The lesion in the 
dentin extends laterally at the junction of enamel and dentin, and centrally 
as bacteria invade the dentinal tubules (Fig. 107). It eventually reaches 
the pulp, or so-called “nerve,” and the tissues around the root may finally 
become infected. 

While acid production by the microorganisms on the tooth is no doubt 
controlled to a considerable extent by the amount and nature of the food 
retained on the surface, dental caries does not occur in all food-retentive 
areas. Localization of the initial lesion,, dependent partly perhaps upon a 
variety of local factors, is apparently determined primarily by the nature 
of the plaque. Although knowledge of the bacterial flora of the plaque is 
still incomplete, recent work indicates that certain types of lactobacilli. 



Fig. 107. Fig. 108. 

Fig. 107- — Ground section of carious human dentin showing bacteria in the dentinal 
tubules. X 1000 (Blayney), 

Fig. 108. — Smear of material from a fragment of a bacterial plaque like that illustrated 
in Fig. 106- Note the bacillary forms which have been teased out of the filamentous 
masses. X 1000 (Blayney). 

vigorous in acid production and highly acid-tolerant, are commonly present 
in plaques covering areas of heginning caries and are found infrequently in 
those removed from sound enamel surfaces. Stephan^ has found the 
reaction of plaques over caries-active areas to be pH 5.0 or less imme- 
diately following a glucose rinse. A smear from a typical carious plaque 
showing lactobacilli as well as a number of other forms of microorgan- 
isms is illustrated in Fig. 108. Although the basic bacterial flora of the 
plaque may vary considerably the filamentous forms are apparently 
always present. Whether they play any r61e in the caries process other than 
that of entrapment and protection of other bacteria is not known. 

Stephan: Jour. Dent. Res., 1944, 23:257, 

^o^Hemmens, Blayney and Harrison: Jour. Dent. Res., 1941, 20:29; 1943, 22:205; 
Hemmens, Blayney, Harrison and Bradel: ibid., 1943, 22:223. 
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LISTERELLA 

Family: Bacteriaceae. Genus: Listerella. Small, non-spore-forming, gram-positive rods, 
motile by means of a single terminal flageUmn. Aerobic to microaerophilic. Growth occurs 
readily on ordinary media. Parasitic and pathogenic. There is only one species: Listerella 
monocytogenes. 

A small gram-positive bacillus was isolated in 1926 by Murray, Webb 
and Swann^^ from rabbits having a disease characterized chiefly by a large 
mononuclear leucocytosis. It was originally named Bacterium monocy- 
togenes., but is now generally known as Listerella monocytogenes^ and infec- 
tion with this bacterium is called listerellosis. 

The microorganism is a small rod motile by means of a single polar 
flagellum and 0.5 jx in breadth and 1 to 2 ju in length. Neither spores nor 



c t ^ f' r ^ _ 

Fig. 109. — Listerella monocytogenes. Smear from a pure culture. Fuchsin; X 1050. 


capsules have been observed. The cells occur singly, in V-shaped or parallel 
pairs, and in short chains. They usually stain uniformly with the ordinary 
aniline dyes, though sometimes the stained cells appear beaded. Colonies 
on semisolid media are small, transparent by transmitted light, and milk- 
white by reflected light. They are hemolytic on blood agar, and appear 
not unlike hemolytic streptococci or some of the diphtheroids. 

Growth is best on enriched media such as liver extract and blood agar. 
The optimum temperature is 37° C. This bacterium is aerobic and facul- 
tatively anaerobic. It is relatively inactive biochemically. Acid but no gas 
is produced promptly from dextrose, rhamnose and salicin ; the fermenta- 
tion of sucrose, maltose, lactose, glycerol and starch is irregular and slow. 
Arabinose, galactose, xylose, mannitol, dulcitol, inulin and inosite are not 

^ Murray, Webb and Swann: Jour. Path. Bact,, 1926, 29:407. 

^ It has been pointed out that the name Listerella had been previously used for a 
Mycetozoan and for one of the Foraminifera, and the name Listeria was suggested by 
Pirie (Science, 1940, 92:383) as a substitute conforming to the rules of nomenclature. 
The name Listerella and the term listerellosis appear to have become firmly e.stablished 
and will no doubt continue to be generally used. 
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fermented. Gelatin is not liquefied, indol is not produced, and nitrates are 
not reduced to nitrites.^^ 

Julianelle and Pons^^ found that a large group of representative strains 
fell into two serologic types by agglutination and precipitin tests. One of 
these was associated with rodent infections and one with ruminant 
infections. 

Pathogenicity for Animals. — Natural infection of animals has been 
observed with some frequency and appears to be of greatest importance in 
ruminants in which it is usually associated with encephalitis or encephalo- 
myelitis. Encephalitis likewise commonly occurs in infected swine, while a 
generalized infection is usually found in rodents and fowls.'^® The mouse, 
guinea pig, rabbit and rhesus monkey may be infected experimentally, the 
mouse being the most susceptible. Strains of the bacterium vary consider- 
ably in virulence, the most virulent producing a fatal infection in mice 
and guinea pigs by intraperitoneal inoculation of 10’® cc. of twenty-four- 
hour broth culture. In the rabbit a marked increase in circulating mono- 
cytes is often produced and at autopsy multiple necrotic foci in the liver, 
meningeal inflammation and myocardial abscesses are found. Julianelle has 
described a characteristic conjunctivitis and keratitis that may be pro- 
duced in the eye of the rabbit by instillation or swabbing and which serves 
to differentiate this bacterium. 

Pathogenicity for Man.^® — ^This bacterium is of undoubted patho- 
genicity as indicated by reports of a number of cases of Listerella menin- 
gitis in which the case fatality rate has been about 70 per cent. Listerellosis 
in man does not appear to be common, however; about twenty cases have 
been reported in all. It is presumed that the infection is acquired from lower 
animals but there is no proof of this. Infection in man has been of particular 
interest in connection with the etiology of infectious mononucleosis. 

Infectious Mononucleosis (Glandular Fever). — An acute, rarely fatal 
disease of man known as infectious mononucleosis or glandular fever is 
characterized by fever, sore throat, enlargement of the lymphatics and 
spleen, and a lymphocytosis. Heterophile antibody is found and the agglu- 
tination of sheep red cells, the Paul-Bunnell test, is diagnostic in the non- 
specific sense that it is associated with the disease.^^ Listerella monocyto- 
genes has been isolated from a number of cases of the disease and this, 
coupled with the ability of the bacterium to produce a monocytic leucocy- 
tosis in experimental animals, has led a number of workers to suspect an 
etiological relationship. Too few cases have been studied to establish this; 
such evidence as there is has been critically reviewed by Webb.^^ 

“^For detailed studies see the review by Julianelle: Jour. Bact., 1941, 42:367; and 
the studies of Harvey and Faber: Jour. Bact., 1941, 42:677. 

^Julianelle and Pons: Proc. Soc. Exp. Biol. Med., 1939, 46:364. 

^See the review by Graham, Levine and Morrill: Bull. Illinois Agr. Exp. Station. 
No. 499, 1943. 

^ Cf, Julianelle: Ann. Int. Med., 1940, f 4:608. 

^^For a survey of the literature on this disease see Smeall: Edinburgh Med. Jour., 
1942, 49.‘291. 

Webb: Lancet, 1943, u:5. 
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NON-SPORE-FORMING ANAEROBIC BACILLI 

There is a large group of non-spore-forming anaerobic bacilli that are 
usually gram-negative. Normal inhabitants of the upper respiratory tract, 
genital tract and colon, where they may outnumber the aerobic flora, the 
microorganisms are not infrequently associated with ulcerative processes 
of the mucous membranes and may, under appropriate circumstances, in- 
vade the tissues and organs of the body with the production of abscesses, 
or the blood stream to give rise to septicemia. Generally neglected in routine 
bacteriological examinations, these bacteria may be present in “sterile pus” 
from surgically drained abscesses and similar affections where bacteria are 
not found by the usual cultural methods. Dack^® has noted their presence 
in 200 of 5180 specimens from the Department of Surgery of the University 
of Chicago submitted for routine bacteriological examination, an incidence 
of about 4 per cent. 

The relation of these microorganisms to other bacteria is uncertain. As 
a group they probably make up several genera and cannot be regarded as 
species of a single genus except tentatively. They are morphologically heter- 
ogeneous, varying from slender rod forms which may be tapered toward the 
ends, the so-called fusiform bacilli, to filamentous and branching forms 
characteristic of the higher fungi. Single species have been given a variety 
of generic names, including Bacillus, Bacterium, Necrohacillus, Bacteroides, 
Cory nehacterium. Sir eptothrix and Actinomyces. Descriptions of these bac- 
teria have been compiled by Weinberg, Nativelle and Prevot,®° and Prevot®^ 
has suggested a more or less elaborate classification. Bergey (1939) places 
these bacteria in two genera, Fusofeacferium ecnd Bacteroides, the latter little 
more than a listing of the forms described by Prevot. In the absence of 
further information neither the relation of these anaerobic forms to other 
bacteria nor their relation to one another can be satisfactorily formulated, 
and they will be discussed here under the single generic name Bacterium. 

Those forms which are present in great numbers in normal feces will 
grow upon the usual laboratory media. Those which are associated with 
pathological processes in man, however, are nutritively fastidious and 
require infusion media enriched by the addition of blood, yeast or vegetable 
extracts and similar substances, together with glucose and cysteine. In 
some cases they may be isolated on beef or veal infusion blood agar. West, 
Lewis and Militzer^^ have been able to grow some strains in amino acid 
media supplemented with all the known bacterial vitamins; pyruvic acid 
appeared to be of considerable importance in the nutrition of these organ- 
isms. The optimum pH is 6.3 to 7.0 and the optimum temperature for 
growth is 37° C. Completely anaerobic conditions are essential and growth 
is favored by the presence of carbon dioxide. 

The better known of these bacteria may be described briefly. 

Dack : Bact. Rev., 1940, 4.-227. 

Weinberg, Nativelle and Prevot: Les Microbes Anaerobies. Masson et Cie. Paris. 
1937. 

Prevot: Manuel de Classification et de Determination des Bacteries Anaerobies. Mono- 
graphies de I’lnstitut Pasteur. Masson et Cie. Paris. 1940, 

West, Lewis and Militzer: Jour. Bact., 1942, 45:155. 
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Bacterium Fusiformis (Bacillus fm if ormis, Fusiformisfusiformis, Fuso- 
bacterium plauti-vincenti) . — These fusiform bacilli are found in ulcerative 
stomatitis (trench mouth) and Vincent’s angina. Their relation to the spiro- 
chetes with which they are usually associated is considered elsewhere (p. 
680). These forms are regarded by Bergey as the type species of the genus 
Fusohacterium. They appear as slender rectilinear or incurving bacilli and 
frequently assume a filamentous form. They are gram-negative and tend 
to stain irregularly with the ordinary aniline dyes. Acid but no gas is pro- 
duced from dextrose, levulose, sucrose, maltose, and sometimes from lac- 
tose. They may be isolated on blood agar incubated anaerobically, and the 
colonies are small and surroimded by a zone of green hemolysis. Bacterium 
fusiformis is not pathogenic for experimental animals in pure culture, but 
in mixed culture produces abscesses. 

Bacterium Fragilis (Bacillus fragilis, Bacteroides fragilis, Fusiformis 
fragilis). — ^This bacterium was found by Veillon and Zuber^^ in twenty-two 
cases of appendicitis and since has been found in lung, pelvic and hepatic 
abscesses, in septicemias with metastatic abscesses, and in infections of the 
urinary tract. The cells are small, slender rods, sometimes slightly curved. 
They are gram-negative and non-motile. Bacterium fragilis is difficult to 
isolate hut will grow on the usual laboratory media. The colom’es are small 
(less than 1 mm.) and transparent. No hemolysis is apparent on blood agar. 
There is a marked tendency to autolysis with apparent resorption of the 
colonies and broth cultures are no longer viable after seven to eight days’ 
incubation. A variety of sugars are fermented to acid and gas. The patho- 
genicity of this bacterium for experimental animals is uncertain. 

Bacterium Necrophorum, Bacterium Fundulif ormis (Actinomyces 
necrophorus, Fusiformis necrophorus, Streptothrix necrophorus^ Bacillus necro- 
phorus, Corynebacterium necrophorum, Schmorl’s bacillus). — ^According to 
Dsick^^ Bacterium necrophorum eocid Bacterium fundulif ormis are not separate 
species. These bacilli have been found in abscesses of the liver, lung and 
other parts of the body, in chronic ulcerative colitis and in the blood stream. 
Infections with these microorganisms are probably more common than is 
generally realized.®^ Bacf. necrophorum has also been found in lower animals 
as in bovine fiver abscesses. The bacilli are highly pleomorphic; slender 
straight and curved rods may be found intermingled with filamentous and 
swollen forms, and “ghost cells” which do not stain are frequent (Fig. 110). 
There is a marked tendency to irregular staining and the bacilli are gram- 
negative. The colonies on blood agar are variable in size from plate to plate 
and surrounded by a zone of green hemolysis which may become clear upon 
prolonged exposure to the air. Glucose, maltose and levulose are fermented 
to acid, and there is no evidence of proteolytic activity in gelatin or coagu- 
lated egg-white cultures. Some strains give rise to a spreading necrotic 
lesion upon subcutaneous injection in the rabbit which is usually fatal, 
while others produce only a localized lesion. Guinea pigs are relatively 
resistant. 

^ Veillon and Zuber: Arch, de Med. Exp., 1898, i0:5n. 

^ Cf, Lemieire: Lancet, 1936, i:701; Brunner; Miinch. naed. Wchnschr., 1937, 

2032. 
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Bacterixim Ramosum. (Bacteroides ramosus, Fusiformis ramosus, Rami- 
bacterium ramosum. Bacillus ramosus. Not to be confused with Bacillus 
ramosus, a name sometimes applied to Bacillus mycoides). — These bacteria 
are frequently present in the pus of appendicitis and have been encountered 
in pulmonary gangrene.®® They appear as small, slender rods which often 
show branching Y forms and pseudofilaments. They are gram-positive. 
BacL ramosum is pathogenic for experimental animals, giving rise to ab- 
scesses in rabbits and guinea pigs on subcutaneous injection; fatal infections 
are produced by intravenous inoculation. 

Bacterium. Melaninogenicum (Bacteroides melaninogenicus, Ristella 
melaninogenica) . — This microorganism has been found in the mouth, ton- 
sils, infected al3dominal wounds, focal infections of the kidneys, in stools 
from patients with chronic amebic dysentery, and in puerperal sepsis. It 
is described by Burdon®® as a very small gram-negative diplobacillus. On 



Fig. 110 . — Bacterium necrophorum. A typical preparation showing the pleomorphism 
of this bacterium. Note the swollen and filamentous forms and the poorly staining “ghost 
cells” (Dack). 

blood agar its colonies are black owing to the slow (four to five days) forma- 
tion of a melanin-like pigment. Bact. melaninogenicum grows well in mixed 
culture, but sparsely in pure culture. It is difficult to obtain in pure culture 
and, when admixed with other bacteria in a colony, colors the entire colony 
black. Acid is formed from dextrose, levulose, lactose, maltose, sucrose and 
mannitol. It is markedly proteolytic and rapidly digests coagulated serum 
and other native proteins. Its pathogenicity as a primary invader is un- 
certain. 

Bacterium. Pueumosintes (Dialister pneumosintes) . — Bacterium pneu- 
rnosintes was described by Olitsky and Gates®^ as the causal agent of influ- 
enza. Now knowTQ to bear no relation to this disease, its pathogenicity for 
man is uncertain. It may be cultured from nasopharyngeal washings in 

CJ. Jour. Amer. Med. Assn., 1937, f 9^:1902. 

Burdon: Jour. Inf. Dis., 1928, 42;161. 

OKtsky and Gates: Jour. Exp. Med., 1921, JJ.125, 361, 713; ihid,^ 1922, J5.*813; 
ibid., 1922, 36:S01. 
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Smith-NogucM medium (hum an ascitic fluid containing a piece of sterile 
rabbit kidney, and covered with a vaseline seal) and after a few transfers 
will grow anaerobically on blood agar, chocolate agar and Bordet’s medium. 
These bacteria are minute bodies arranged singly, in pairs, or in short 
chains; they are non-motile and gram-negative. Because of their small size 
they pass Berkefeld V and N filters. They produce acid but no gas from dex- 
trose; other sugars ai'e not fermented. If mass cultures are injected intra- 
tracheally into rabbits there is a rise in temperature and sometimes a 
conjunctivitis and mononuclear leucopenia with recovery in two to three 
days. If the animal is sacrificed the lungs are found to be edematous with 
hemorrhages on the surfaces. BacL pneumosintes is not pathogenic for 
monkeys. 

BARTONELLA 

Bartonella Bacilliformis. — Oroya fever, an infectious anemia, and 
verruga peruana, a disease characterized by miliary or nodular eruptions, 
have existed for centuries in certain districts in Peru, and recently have 



Fig. 111. — Bartonella bacilliformis in human spleen. Note the huge numbers of the micro- 
organisms packed into the lining cells. Giemsa; X 1450 (Humphreys). 


been found in Colombia and Ecuador. It was shown by Carrion, through 
fatal self-inoculation, that the two are stages or manifestations of a single 
disease which is now commonly known as Carrion's Disease. The etiologic 
agent is a small pleomorphic bacillus which was observed by Barton in 
1905 and named Bartonella bacilliformis by Strong, Tyzzer and Sellards.®^ 
Morphology and Staining, — Bartonella bacilliformis is a small, motile, 
aerobic, gram-negative bacillus 0.2 to 0.5 /x in diameter and 1 to 2 /x in 
length which is found as a slightly curved rod occurring singly, end to ena 
in pairs, and in short chains. A rounded ovoid form, 0.3 to 1 /x in diameter, 
k also observed singly, in pairs and in groups. It stains reddish violet with 
Giemsa’s stain, sometimes showing a reddish purple granule at one end of 
a bluish rod. 

Strong, Tyzzer and Sellards: Jour. Amer. Med. Assn., 1915, 64:806. 
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Physiology. — ^This microorganism was JBrst cultivated in semi-solid lepto- 
spira medium®® and later in tissue culture®® and in the developing chick 
embryo,®^ though it could not be carried in serial transfer in the last. Sparse 
growth occurs on cystine-dextrose-blood agar and apparently the X factor 
is required while the V factor is not.®^ Gieman®® has developed a tryptone- 
serum medium in both liquid and solid form which supports excellent 
growth. Since it has been cultivated with reasonable facility only recently 
little is known of its physiological processes. 

Pathogenicity for Man. — As indicated above, the disease occurs in two 
forms, the systemic form in which the red cells are infected, and the histoid 
cutaneous form. The two may exist independently, coexist or occur sepa- 
rately, though the usual course is the systemic form followed by the cutane- 
ous forna if the former is not fatal, or the cutaneous form alone. The first 
is a severe, often fatal, febrile anemia. The incubation period is given as 
about three weeks. The anemia is frequently severe, and the loss of red 
cells may be 200,000 to 300,000 per cubic millimeter per day until the total 
count is half a million or less. The anemia is thought to be due to the direct ^ 
action of the microorganisms on the erythrocytes, including hemolysis, and 
to tissue hemorrhages. The fever is of an irregular remittent type, and pain 
in the bones, joints and head is common. The case fatality rate is 20 to 40 
per cent, death occurring in two to three weeks after onset. With recovery 
the eruptive stage of the disease appears and persists for two to three 
months. Whether it follows the systemic form or is the primary clinical 
manifestation of infection, this stage is characterized by a miliary or nodular 
eruption; the former is by far the more common. The miliary eruption is 
most common on the face and extremities, appearing as a macule which 
becomes nodular and eventually disappears leaving no scar. The nodular 
type of eruption develops more slowly, the nodules may become 2 to 3 cm. 
in diameter and have a tendency to become strangulated. They are formed 
by the proliferation of the endothelial cells of the vessels which become 
obstructed with an inflammatory exudate of plasma cells and fibroblasts, 
and show a marked tendency to hemorrhage. 

Bartonella cells are found in large numbers within the erythrocytes in 
Oroya fever and may be demonstrated in Giemsa-stained blood smears. 
In both forms of the disease they are found in the tissue macrophages, 
especially the vascular endothelial cells of the lymphatics, spleen and liver, 
often in large clusters within individual cells. It is reported that blood cul- 
tures are frequently positive in the systemic infection but it is not clear 
whether this is a relietble method of diagnosis. 

Epidemiology. — Bartonellosis is strictly limited geographically, being, so 
far as is known, exclusively American and tropical, occuring in the Andes 
between latitudes 2® N. and 13° S. It is transmitted by Phlebotomus ver- 
rucarum and P. noguchii in Peru; whether other species of Phlebotomus or 

Noguchi and Battistini; Jour. Exp. Med., 1926, 45:551, 

Pinkerton and Weinman: Proc. Soc. Elxp. Biol. Med., 1937, 57:587. 

Jiminez and Buddingh: Proc. Soc. Exp. Biol. Med., 1940, 45:546. 

Jiminez: Proc. Soc. Exp. Biol. Med., 1940, 45:402. 

Gieman: Proc. Soc. Exp. Biol. Med., 1941, 47:329. 

17 
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other arthropods, such as Dermacentor, are natural vectors is not known. 
The reservoir of infection, other than asymptomatic infections and clinical 
disease in man, is not known but domestic animals, including chickens, and 
guinea pigs and field mice are suspected.®^ 

Immunity. — It is generally said that recovery from an attack of either 
form of the disease confers a solid immunity to both. With the cultivation 
of B. bacilliformis. it has been possible to study the occurrence of cir> 
culating antibody, agglutinins, and investigate the possibilities of prophy- 
lactic inoculation. Howe®® has shown that agglutinins may be demonstrated 
during the early stages of the disease but, in spite of the lasting immunity, 
almost always disappear with the subsidence of clinical symptoms. Their 
diagnostic significance is not as yet known. Howe and Hertig®® have carried 
out a limited series of inoculations with formolized suspensions of B. 
bacilliformis with encouraging results. 

Pathogenicity for Animals. — In general experimental animals appear to 
be highly resistant to infection withB. bacilliformis. Both the eruptive and 
systemic forms of the disease have been produced in rhesus monkeys, the 
latter in splenectomized animals. 

Bartonellosis of Animals. — Naturally occurring bartonellosis has been 
observed in a number of animals ; this takes the form of systemic infection 
rather than a cutaneous or eruptive one. In many instances the infection 
is latent, the host having attained an equilibrium with the parasite. If the 
host resistance is reduced by splenectomy the infection becomes acute. 

Bartonella muris. — Bartonellosis of rats was demonstrated by Mayer®’ 
and the infection is very common. It is almost always latent and is precipi- 
tated in an acute form by splenectomy with the appearance of parasitized 
red cells. It is transmitted from rat to rat by the rat louse Hematopinus 
and the rat flea Xenopsylla cheopsis. The presence of the latent infection is 
of some importance in rat experiments but certain strains are maintained 
bartonella-free. 

Bartonella canis. — This microorganism was found by Kikuth®® to be the 
causative agent of an infectious anemia of dogs. It is considerably more 
pleomorphic than B. bacilliformis and is transmitted by the dog flea, 
Ctenocephalus . 

Bartonella tyzzeri. — This microorganism was isolated from guinea pigs 
by Weinman and Pinkerton.®® It has been found in wild guinea pigs in 
South America and occurs as a latent infection. 

Bartonella microti. — This. microorganism is a parasite of the field vole and 
is morphologically similar toB. canis. Its vector is not known.’® 

The Systematic Position of Bartonella. — The relationship of these 
microorganisms to the bacteria on the one hand and to the rickettsiae and 

For an excellent review of the present status of human bartonellosis see Mera: Bol. 
Oficina Sanitaria Panamericana, 1943, 22*304. 

Howe: Jour. Exp. Med., 1942, 75.*65; Arch. Int. Med., 1943, 72.-147. 

®®Howe and Hertig: Joiir. ImmunoL, 1943, 4!7.*471. 

Mayer: Arch. f. Sch. u. Trop. Hyg.. 1921, 25:150. 

Krkuth: CentraJhl. f. Bakt., I Aht., Orig., 1929, il3:l. 

Weinman and Pinkerton: Ann. Trop. Med. ParasitoL, 1938, 52:215. 

Tyzzer and Weinman: Amer. Jour. Hyg., Sec. B., 1939, 50:141. 
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viruses on the other is of some interest. Among the bacteria the tendency 
to parasitize the cells of the host and appear as intracellular clumps of 
microorganisms is most marked in Pasteurella tularensis which commonly 
is found in an intracellular position. Bartonella shows a much more marked 
preference for intracellular parasitism and both in this respect and in mor- 
phology seems to he closely related to the rickettsiae. It is generally agreed, 
however, that the relationship is not sufficiently close to justify their classi- 
fication as rickettsiae and they may be considered as lying between them 
and the bacteria. 

THE PLEUROPNEUMONIA-LIKE ORGANISMS^i 

The first of an apparently more or less homogeneous group of highly 
pleomorphic, filterable microorganisms to he described is the causative 
agent of bovine pleuropneumonia. Since its first study in 1898’^^ a number 
of similar forms, both parasitic and saprophytic, have been foimd. For 
want of a better name they have been called the pleuropneumonia group 
or pleuropneumonia-like organisms, though none of the rest produces pleuro- 
pneumonia in cattle. Their relationship to other microorganisms is almost 
completely unknown and they have been grouped with the viruses by some 
because of their filterability, with the rickettsiae by others because of a 
predilection for an intracellular existence in the host, and, as indicated 
earlier, by still others they are grouped with the actinomycetes. 

Morphology and Staining, — There are probably few if any other 
microorganisms which are as highly pleomorphic as these forms. Impression 
preparations of colonies show granules of various sizes, filaments which 
may be branched and contain streaming protoplasm, balloon and disk- 
like structures, ring, club and star forms, and ameboid structures. Fila- 
ments are more numerous in recently isolated cultures and tend not to be 
formed in older stock cultures- It has been urged by some^® that these 
structures represent stages in a cyclical developmental process, but this 
interpretation has not been generally accepted. Viable structures vary 
greatly in size and include ultramicroscopic elements which are filterable. 
Edward describes experiments on filtration through gradocol membranes 
(p. 788) in which the concentration of organisms in an emulsion was re- 
duced from 10^ to 10® by passage through a membrane of APD 0.8 ii. This 
titer decreased progressively with membranes of decreasing pore size but 
complete retention did not occur until a membrane of 0.33 ^ was used. 
In contrast to this, the end-point is usually sharp in the filtration of viruses. 
On the basis of these observations the diameter of the smallest viable ele- 
ments was estimated to be 165 to 247 g. Similar estimates vary somewhat 
for other strains; the agent of pleuropneumonia, for example, is 125 to 175 ju. 

These forms cannot be found in tissues by any method of staining. They 

These microorganisms are discussed in detail in the review by Sabin: Bact. Rev., 
1941, 5:1. 

72 Nocard and Roux: Ann. Inst. Pasteur, 1898, i2:24-0. See also Dujardin-Beaumetz* 
Thesis. Gaston & Cie. Doin. Paris. 1900. 

73 Tang, Wei, McWhirter and Edgar: Jour. Path. Bact., 1935, 40:391. 

74 Edward: Jour, Path. Bact., 1940, 50:409. 
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are not demonstrable in smears stained by the usual aniline dyes, but are 
stained by certain polychrome stains, Giemsa and Castaneda’s rickettsia 
stain- Very thick films prepared from the sediment of centrifuged cultures 
are gram-negative. 

On primary isolation or change to a slightly different culture medium, 
broth cultures sometimes, but not always, show no detectable evidence of 
growth and may be carried along by “bHnd passage” for several transfers 
before it appears. Some strains show a uniform opalescence, others a gran- 
ular type of growth. The characteristic of some strains to grow as small 
colonies, appearing as flakes attached to the side of the tube, is of some 
differential value. In any case, visible evidence of growth is very slight and 
almost all workers with these organisms have found it necessary to carry 
along an uninoculated tube of medium for comparative purposes. 



Fig. 112. — ^Two-day culture of Type A pleuropnexainonia-like organism from mice in 
serum-dextrose broth. Note the rings and elementary bodies. Giemsa; X 1000 (Sabin, 
Bact. Rev.). 


The colonies upon an agar surface are usually not detectable nn t.i1 after 
two or three days’ incubation and then ordinarily only with a hand lens. 
The average colony size of different strains ranges from 0.1 to 0.6 mm., 
rarely exceeding the larger figure. The colonies usually have a dark center 
mth a lighter margin, and may appear coarsely or finely granular. Upon 
higher magnification a foam-like structure may be observed which is com- 
posed of the balloon-like forms. Oily droplets may be found in the colonies 
of some strains; these have been found, in some cases at least, to be largely 
cholesterol aheady present in the medium.’'® Possibly the pseudo colonies 
which have been observed^® on uninoculated serum agar are of similar 
nature ; it is said that these are readily differentiated from true colonies by 
experienced observers. 

Physiology. — These microorganisms require infusion or digest media 
enriched by the addition of serum or ascitic fluid in relatively large amounts. 

^ Partridge and Klieneberger: Jour. Path. Bact., 1941, 52:219. 

Brown, Swift and Watson: Jour. Bact., 1940, ^0:BS7. 



497 


Varieties^ Strains or Species 

Various workers add from 10 to as Mgh as 40 per cent serum; 50 per cent 
and over is inliibitory for some strains. Some have included boiled blood 
and fresh serum, and small amoimts of glucose facilitate primary isolation 
of some strains. In some cases these organisms tolerate a relatively wide 
pH range, but others die out at pH 7.0 and below and require a pH of 7.8 
to 8.0 for growth. The saprophytic varieties will grow at 22° C. with an 
optimxun at 30° C. but the parasitic ones require 37° C. Growth occurs both 
aerobically and anaerobically, but is less abundant with most strains under 
anaerobic conditions. Fairly heavy inocula are required, 0.1 to 0.2 cc. of 
minced tissue in primary isolation, the transfer of similar amounts of broth 
cultures, and in transfer from agar cultures a small section of the medium 
is cut out and dropped into liquid media or streaked on another plate. 
These organisms may also be cultured on the chorioallantoic membrane 



Fig. 113. — Colonies of a Type B pleuropneumonia-like organism from mice. Three days’ 
incubation. X 100. (Sabin, Bact. Rev.) 


of the developing hen’s eggJ"^ Some sugars, notably glucose, are fermented 
but the pH seldom drops below 7.0 owing to the death of the organisms at 
this point; the addition of other sugars may inhibit growth. In general, 
fermentations and other biochemical characteristics have no differential 
value. The heat resistance of some strains is of the same order as that of 
most bacteria, while others appear to be more frail and are killed by ex- 
posure to 45° C- for fifteen minutes. Cultures are best preserved at incu- 
bator temperature in media containing no added sugar; when sealed with 
petrolatum the organisms may remain viable for a month or more. 

Varieties, Strains or Species. — Strains of these organisms have been 
isolated from a variety of sources. Those which are parasitic are definitely 
set off from the saprophytic types, and differentiation or identification 
within these groups has been made in part on somce and pathogenicity, 
and in part on an immunological (agglutination) basis. 

Swift: Jour. Exp. Med., 1941, 74:557. 

7* Cf. Warren: Jour. Bact., 1942, 4J.*211. 


498 The Pleuropneumonia-like Organisms 

Bovine Pleuropneumonia* — As indicated above, the causative organism 
of pleuropneumonia of cattle was the first of these forms to be isolated and 
studied. The disease is found ail over the world except in India, Western 
Europe and North America; it has been imported into this country a 
number of times but was finally eradicated by slaughter of infected animals 
and has not occurred since 1892. 

The natural disease in cattle is characterized by extensive consohdation 
and subpleural effusion in either or both lungs and the microorganism is 
present in large numbers in the serous exudate. It spreads slowly in herds 
and may take an acute form with death within a week or a chronic form 
with walling off of the foci of infection. There is occasional joint involve- 
ment in young animals. The natural disease has not been reproduced in 
cattle by either inoculation of infectious serous exudate or of cultures, but 
an extensive edema develops and spreads from the site of inoculation, and 
there is a febrile reaction and sometimes death. 

The organism is apparently completely non-pathogenic for the usual 
experimental animals and for man; it has been reported^^ that cultures in 
sheep- or horse-serum media are infectious for sheep and goats, while those 
in bovine-serum media are not. 

The name Asterococcus mycoides was given the organism by Borrel and 
Dujardin-Beaumetz^® but has not been generally used. Sabin^^ has proposed 
the name Bovimyces pleuropneumoniae. In any case, strains obtained in 
different localities and at different Itimes appear to be very similar if not 
identical. 

Contagious Agalactia of Sheep and Goats. — Despite its name this disease is 
a generalized infection which affects both males and females. It occurs only 
in parts of southern Europe and North Africa; agalactia or mastitis of these 
animals in this country is of other etiology. 

The lesions occur in the joints and eyes and in the mammary glands of 
females. The microorganism is present in the blood early in the disease and 
later may be isolated from the affected regions and from the mammary 
secretions. The second member of the group to be studied, it was isolated 
by Bridre and Donatien®^ in 1923. It is morphologically and biochemically 
very similar to the pleuropneumonia organism and other members of the 
group, but is immunologically distinct and of characteristic pathogenicity. 
Sabin’’^ has suggested that it be called Capromyces agalactiae. The disease 
is readily reproduced by inoculation of sheep and goats with cultures. 

Canine Fariefy.— Organisms of the pleuropneumonia group have also been 
found in dogs. Shoetensack®^ reported in 1934 the cultivation of an organism 
of this type from the purulent nasal discharge of dogs ill with distemper 
which he called Asterococcus canis. In later studies other organisms were 
found and there appeared to he two types, immunologically distinct from 
one another, which he called Type I and Type II respectively. Sabin^^ 
proposed that these be called Canomyces pulmonis I and Canomyces pul- 

Dujardin-Beaumetz: Ann. Inst. Pasteur, 1906, 29:449. 

Borrel and Dujardin-Beaumetz: Ann. Inst. Pasteur, 1910, 24:168. 

Bridre and Donatien: C. R. Acad. ScL, 1923, 177:841. 

Shoetensack: Kitasato Arch. Exp. Med., 1934, f 1:277. 
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monis II. Their postulated®^ etiological relationship to distemper, generally 
regarded as a virus disease, is not established. 

Varieties from Rats. — A series of pleuropneumonia-like organisms has 
been isolated by Klieneberger and her associates®^ from the respiratory 
tract and elsewhere in normal and diseased rats. Others^® have isolated 
similar organisms from rats exhibiting polyarthritis and swollen extrem- 
ities. These comprise, with a single exception, the “L” series of strains in 
which the strains are designated by subscript numerals. There now appear 
to be three distinct types, differentiated on a biological and immunological 
basis, viz., Li, Ls, and L4. The strain L2 was isolated from a guinea pig and 
insufficiently studied before loss of the culture at the outbreak of war. The 
strain described as L5 is immunologically identical with mouse type A 
discussed below; Le has been insufficiently studied; and L7 has been found 
to be identical with L4. 

Considerable interest has attached to the apparent association of Li with 
Actinomyces muris-rattif^ Klieneberger has been able to isolate Li from 
many strains and stock cul times of A. muris-ratti and it will be recalled 
that this fungus is a natural parasite of the nasopharynx of rats and mice. 
It is maintained by Klieneberger®*^ that Li and the fungus coexist as sym- 
bionts since she has been able to separate the two on the basis of differential 
resistance to heat and aging, has observed Li in the rat in the absence of 
A. muris-ratti, and has carried Li strains through many transplants without 
reappearance of the actinomycete. Dienes,®® however, has taken the view 
that Li and A. muris-ratti represent but stages in a hypothetical cyclogeny. 
This has not been generally accepted but it is not as yet apparent whether 
the virulence of either organism is affected by the presence of the other. 

These L forms are associated, causally in some instances at least, with 
relatively mild, chronic affections of rats in which a not uncommon mani- 
festation is joint involvement and polyarthritis. They closely resemble the 
other organisms of the group morphologically and culturally, forming a 
subgroup on the basis of pathogenicity, and differentiated from one another 
immunologically. Sabin*^^ has grouped Li, L3, and L4 under a single genus 
and suggested the names Murimyces streptohaccilli-moniliformis, Murimyces 
pulmonis, and Murimyces arthrifidis respectively for them. 

Varieties from Mice. — Sabin*^^ divides the pleuropneumonia-like organ- 
isms found in mice into five types, designated as A, B, C, D and E. Type A 
is found in normal mice, once in the brain and frequently in the eyes, nasal 
mucosa and lungs of carriers. On intracerebral inoculation of mice an ataxia 

^ Shoetensack: Klitasatx) Axch. Exp. Med., 1936, ^3:175, 269. 

lOieneberger: Jour. Path. Bact., 1935, 40:93; ibid., 1936, 42:587; Kdieneberger and 
Steabben: Jour. Hyg., 1937, 57:143; Klieneberger; Jour. Hyg., 1940, 40:204. 

^ Woglom and Warren: Jour. Exp. Med., 1938, 65:513; Sabin: Science, 1938, 55:575; 
ibid., 1939, P0:18: Findlay, Klieneberger, MacGallum and Mackenzie: Lancet, 1939, i:7. 

It may be noted that the name Streptohacillus moniliformis continues to be used 
exclusively in the pleuropneximonia group literature in spite of its impropriety and 
almost always with no mention of its synonyms. The unnecessary confusion introduced 
is unfortxmate. See page 614. 

In several papers; Cf. Klieneberger: Jour. Hyg., 1942, 42:485. 

Dienes: Jour. Inf. Dis., 1939, 65:24. Also Heilman: ibid., 1941, 69:32, 45. 
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is produced which is characterized by a turning or rolling of the body. The 
brain lesions and symptoms arising from them are attributable to the 
action of a soluble toxin produced by the microorganisms. An immuno- 
logically identical organism was isolated by Findlay et al from mice af- 
fected with “rolling disease” and designated Ls. Type has likewise been 
found in normal mice and is not only immunologically distinct but produces 
a progressive arthritis almost exclusively when parenterally inoculated into 
mice. Types C, D and E are sinular in their pathogenicity but are immuno- 
logically distinct; they have not been studied as extensively as some of the 
others. These murine forms are, hke the L forms, grouped in a single genus 
by Sabin, type A being given the name Musculomyces neurolyticus, type 
B the name Musculoinyces arthrotropicus, and types C, D, and E grouped 
in the single species Musculomyces histotropicus. 

Pleuropneumonia-like Organisms of Man. — Though there is considerable 
evidence suggesting that certain streptococci are associated with some types 
of arthritis in man (p. 326), the etiology of human arthritis is far from clear. 
The pleuropneumonia-like organisms have assumed some interest in this 
connection, largely because of the frequency of occurrence of progressive 
polyarthritis in both naturally and artificially infected rats and mice. The 
association of Li strains with A. muris-ratti is of possible interest in view 
of the arthritic manifestations of epidemic disease of the Haverhill fever 
type and of sporadic rat-bite fever of fungus etiology (p. 614). 

In any case, a considerable number of attempts have been made to isolate 
microorganisms of this type in rheumatic and arthritic conditions of man. 
These have, without exception, failed. In one instance, however, such an 
organism was isolated from the vagina;^^ it has been found^^ to be non- 
pathogenic for experimental animals and immunologically different from 
Ls and L 4 and A, B, C, D, and E mouse types. Also Beveridge^^ has reported 
the isolation of pleuropneumonia-like organisms from four of twenty-four 
males with non-gonorrheal urethritis. The significance of these organisms in 
human disease is as yet completely unknown. 

Saprophytic Varieties. — Pleuropneumonia-fike organisms presumably 
living a saprophytic existence in nature have been found by Laidlaw and 
Elford®^ in raw London sewage. They closely resembled the parasitic forms 
both morphologically and culturally, and fell into three immunological 
groups which were designated types A, B, and C, All were non-pathogenic 
for experimental animals. Similar forms have been found in Germany®® in 
compost and other types of decomposing organic matter. Sabin^^ has 
proposed that these saprophytic forms be named Sapromyces laidlawi. 

Sabin: Science, 1938, 5^:189, 575. 

Sabin: Science, 1939, 89:228. Also Jour. Bact., 1940, 59:343. 

Dienes and Smith: I^oc. Soc. Exp. Biol. Med., 1942, 50:99. 

^ Warr^ and Sabin: Proc. Soc. Exp. Biol. Med., 1942, 5J:24. 

^ Beveridge: Med. Jour. Australia, 1943, 59:479. 

^ Liaidlaw and Elford: Proc. Roy. Soc. (London) Ser. B, 1936, 120:292. 

^ SdjBfert: Centralbl. f. Baht,, I Abt. Orig., 1937, 159:337; ibid., 1937, 140:168. 
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THE ANTHRAX BACILLUS 

Family: Bacillaceae. Genus: Bacillus. Aerobic, spore-forming rods. Usually gram- 
positive. Most specie saprophytes found in the air, soil and dust. Type species: Bacillus 
suhtilis. 

The spore-forming rod-shaped bacteria are divided into two groups on 
the basis of their relation to atmospheric oxygen. The Bacilli are the aerobic 
forms and the anaerobic types are designated Clostridium (Chap. 28). A 
very large number of species of Bacilli have been described, the majority 
of them from soil and dust. Two species., Bacillus alvei axidBacillus paraalvei, 
cause foulbrood, a disease of bees. Bacillus suhtilis infects human beings 
only rarely, and, with this exception. Bacillus anthracis is the only member 
of this large group that is pathogenic for man. 

Primarily a disease of lower animals transmissible to man, anthrax 
(splenic fever; Fr. charhon; Ger. Milzbrand) is of particular historical inter- 
est, for it was in his study of this disease that Koch provided the first 
demonstration of the causal relation between a specific bacterium and an 
infectious disease. The bacillus had been observed in the blood and organs 
of animals dying of anthrax by Davaine and Rayer^ in 1850 and by 
PoUender^ in 1855. BrauelP transmitted the disease by the inoculation of 
blood from infected animals in 1857, Conclusive demonstration of the causal 
relation between the baciUi and the disease, however, was the work of 
Koch,^ who in 1877 cultured the bacillus on the aqueous humor of the ox’s 
eye, described its life history, and reproduced the disease with a pure 
culture of the microorganism. The importance of this discovery to the 
development of bacteriology has been discussed elsewhere (Chap. 1) . 

Morphology and Staining. — ^The anthrax bacillus is one of the largest 
of the pathogenic bacteria and ranges from 4.5 to 10 ju. in length and from 
1 to 1.25 ju in breadth. The ends of the rods are often concave and some- 
what swollen so that the appearance of a chain of anthrax bacilli has often 
been compared to a jointed bamboo fishing rod. The cells occur singly and 
as end-to-end pairs or short chains in the body, but in culture long chains 
are formed. Unlike most of the sporulating aerobic baciUi they are non- 
motile. 

Capsules may be found on the bacilH in smears from an infected animal 
but are not found in culture except on media rich in animal protein, such 
as sermn agar. The capsular material is not polysaccharide as it is in most 
bacteria, but is a high molecular weight polypeptide composed exclusively 

^ Davaine and Rayer: Bull. Soc. de Biol., 1850, p. 141. 

* Pollender: Vierteljalir. f. ger. Med., 1855, ^.*103. 

® Brauell: Arch. f. path. Anat., 1857, 

* Koch: Cohn’s Beitrage, 1877, 2:277. 
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of d(-)glutamic acid (the “abnormal” stereoisomer).® This is a point of 
particular interest, for it is the first demonstrated natural occurrence of 
d(-)glutamic acid and of a polypeptide composed of a single amino acid. 
There is, in addition, a polysaccharide haptene present in the cell substance 
of the bacilli, which may be isolated from these bacilli; it appears to be the 
same in both virulent and avirulent strains and its immunological function 
is not clear.® 

The anthrax bacillus also differs from most other pathogenic bacteria in 
that it forms spores which are visible as refractile bodies either free or 
located centrally within the cell. Their diameter does not exceed that of 
the vegetative cell and hence the spore-containing rod is not distorted. 
Spores are formed most abundantly at 32® to 35® C. and only under aerobic 
conditions, i.e., not in the circulating blood of infected animals. Germina- 



Fig. 114 . — Bacillus anfhracis, forty-eight-hour culture on nutrient agar. Crystal 
violet stain. The spores appear as unstained areas. Note the typical arrangement of 
the hacillx in coiled chains. X 1200. 


tion of the spore is usually polar, that is, parallel with the long axis, but 
may be rarely equatorial. 

The bacilli stain readily, but often unevenly, with the usual aniline 
dyes. The granular material within the cell consists of fat, volutin or gly- 
cogen. They are gram-positive. Churchman^ has observed a reversal of the 
Gram reaction when aqueous gentian violet, acriflavin or acriviolet is 
added to suspensions of young cultures oi Bacillus anthracis; a considerable 
proportion of the bacilli then become gram-negative. It has been concluded 
that the bacillus is made up of a gram-positive outer layer or cortex and a 
gram-negative medulla. When the former is destroyed the latter comes into 
view and the gram-negative bacilli are considerably smaller than the gram- 

5 Bruckner and Ivanovics: Ztschr. f. physiol. Chem., 1937, 247:281; Ivanovics and 
Bruckner: Ztschr. f. Innnunitatsf., 1937, 5(?:304; ibid., 1937, 9f.T75; Naturwissen- 
schaften, 1937, 25:250. 

« Ivano\dcs: Ztschr. f. Immunitatsf., 1940, 97:443. 

’ Churchman: Jour. Exp. Med., 1927, 4^:1007. 
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positive cells. The spores are stained with difficulty, and after staining with 
hot carbol fuchsin are equally difficult to decolorize; hence the vegetative 
cells may be decolorized and stained wdth a contrasting dye. 

The colonies of the anthrax bacillus are irregular and have a curled or 
hair-like structure, giving what is sometimes called a “IVIedusa head” 
appearance. On microscopic examination tangled coils of long chains of 
bacilli may be found. This colonial appearance is closely simulated by 
Bacillus suhtilis and some other related saprophytic, aerobic, spore-forming 
bacilli- 

Fhysiology. — The anthrax bacillus grows readily upon all the ordinary 
laboratory media, and growth is not improved by the addition of enriching 
substances. It will grow on simple amino acid media containing only glycine 
and cystine and no added bacterial vitamins.^ Growth occurs at tempera- 



Fig. 115. — Colonies of Bacillus anthracis on nutrient agar. Twenty-four-hour culture. 
Note the large size and coarse texture suggestive of R variants. X 3. 


tures as high as 41° to 43° C., with an optimum at 37° C. These bacilli are 
aerobic and facultatively anaerobic. Dextrose and trehalose are fermented 
rapidly but without gas production. Sucrose, maltose and some other car- 
bohydrates are fermented less rapidly; lactose, galactose, mannitol, dul- 
citol, rhamnose and xylose not at all. Gelatin is slowly liquefied but indol 
is not formed, nitrate is not reduced, and little or no hydrogen sulfide is 
produced. Milk is feebly acidified and is curdled by a rennet-like ferment, 
and the casein slowly peptonized. On potato a gray, furry growth is pro- 
duced; spores are formed in particular abundance on this medium. 

No cultural or biochemical characteristics serve to differentiate the 
anthrax bacillus from the very similar nonpathogenic saprophytic sporu- 
lating bacilh; animal inoculation to determine pathogenicity is essential.® 

The vegetative cells of the anthrax bacillus display the usual degree of 
resistance to deleterious influences, but the spores are relatively highly 

® Gladstone: Brit. Jour. Exp. Path., 1939, 20.T89. 

® See, for example, Stein: Amer. Jour. Vet. Res., 1944. 5:38. 
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resistant, althougli not so resistant as the spores of Bacillus subtilis and 
related forms. Graham-Smith^ ° has found that spores exposed to daylight 
at room temperatxire would germinate after twenty-two years hut not after 
twenty-two and one-half years; spores dried on canvas and kept in en- 
velopes would not germinate after thirty-five years. Anthrax spores are 
usually destroyed by boiling for ten minutes and by dry heat at 140° C. 
for three hours. Their resistance to disinfectants is variable, for 0.1 per 
cent mercuric chloride may fail to kill them in seventy hours, while those 
disinfectants which are oxidizing agents are much more effective ; 3 per 
cent hydrogen peroxide kills in one hour and 4 per cent potassium perman- 
ganate in fifteen minutes. In the soil anthrax spores may remain viable 
for many years; some multiplication occurs in sterile soil but not in un- 
sterilized soil.^^ 

Variation, — The rough variant is the virulent and naturally occxrrring 
form of B. anthracis. It was early noted by Pasteur that prolonged culti- 
vation of these bacilli at higher than optimum temperatures, 42.5° C., 
resulted in a loss of virulence and the appearance of asporogenous variants. 
A number of different types of variants are produced by such cultivation 
at high temperatures or in the presence of dilute antiseptics. Smooth and 
mucoid types of colonies have been observed, and some of these variants 
n^ay he non-spore-forming. Virulence, however, is associated with the 
presence of a capsule, or the ability to form one, rather than the ability, to 
form spores, for both asporogenous virulent strains and spore-forming 
avirulent strains may be found .^2 These probably do not occur in nature, 
however. 

Pathogenicity for Lower Animals. — In nature anthrax is primarily a 
disease of cattle and sheep; horses and swine are susceptible, but are less 
commonly affected. Wild deer and other gregarious herbivora are liable to 
occasional outbreaks. The smaller rodents aire very sensitive to inoculation. 
Rabbits, guinea pigs and white mice are susceptible in that order, and are 
fatally affected by the subcutaneous introduction of a very small number 
of virulent baciUi. The white mouse may succumb to inoculation with a 
single bacillus of a highly virulent strain. Carnivorous animals, though 
possessing greater resistance than the herbivora, are nevertheless suscep- 
tible, as several epidemics in zoological gardens involving leopards, lions, 
pumas, bears and other animals have shown. Certain animals possess a 
marked natiual resistance to anthrax. Rats are quite resistant, especially 
the white rat, only about 14 per cent of the latter dying as the result of 
inoculation. The mature dog is only slightly susceptible. Birds, especially 
pigeons, can be infected, but not easily. Frogs are completely resistant but 
toads are very susceptible. 

The route by which the bacilh enter the body exerts an important influ- 
ence in both experimental and natural infections. Subcutaneous inoculation 
is the method most commonly practiced in experimental work, and is almost 

Graham-Smith: Jour. Hyg., 1941, 41:496. 

^ Minett and Dhandra: Indian Jour. Vet. Sci. Animal Husb., 1941 *308 

“Preiss: Centralbl. f. Bait., 1911, 5^:510; Nxmgester: Jour. Inf. Dis.‘ 1929, 44:73- 
loid., 1929, 45:214; Bordet and Renaux: Ann. Inst. Pasteur, 1930, 45:1. 
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uniformly fatal with the ordinary small laboratory animals. Feeding exper- 
iments show that administration of spore-free cultures -even to highly sus- 
ceptible animals is without result, owing to the destruction of the bacilli in 
the stomach. The feeding of spores, on the other hand, leads to infection 
of the more susceptible species, although not so certainly as subcutaneous 
inoculation ; resistant species, such as swine, may be infected through the 
alimentsoy tract only with difficulty. Infection through the respiratory 
tract is possible in the experimental animal but is probably almost unknown 
in the lower animals under natural conditions. 

In highly susceptible animals the disease is acute and runs a rapid course; 
the case fatality in cattle and sheep is about 80 per cent- It presents all the 
characteristics of a typical septicemia and local manifestations may be 
almost entirely absent. Enormous multiplication of the bacteria takes place 
in the blood and internal organs, and sections through the liver or spleen 
show the capillaries gorged with masses of bacteria. The spleen is of a 
deep-red color and greatly enlarged, hence the name splenic fever. The 
more resistant animal species do not develop this generalized infection, 
but the bacteria remain localized in an abscess or carbuncle and fail to 
spread through the body. This is the case with the dog and in some forms 
of infection in man. In this respect anthrax furnishes an illustration of the 
general rule that when a bacterial invasion meets slight resistance from the 
animal tissues an abundant multiplication of the bacteria occurs throughout 
the body, while the possession of high powers of resistance is accompanied 
by a pronounced local reaction. Man stands perhaps midway in suscepti- 
bility between the dog and the sheep. 

Under natural conditions cattle and sheep are infected through the 
alimentary tract by swallowing spores while grazing in infected pastures. 
As has been pointed out, spores are able to retain their vitality in soil for 
a long period, and pastures once infected may infect cattle after a lapse of 
as many as thirty years. Hides imported from China and other countries 
where the disease prevails are not imcommonly contaminated with anthrax 
spores; in the United States several outbreaks of anthrax among cattle 
with some consequent cases of human infection have been traced to the 
overflowing of pastme land by streams receiving the drainage of tanneries. 

Cattle may also occasionally be infected by direct contact through 
wounds, abrasions and other injuries to the skin; but alimentary infection 
is by far the most common. Anthrax has been experimentally transmitted 
to susceptible animals by biting flies of various species that had preAuously 
fed on animals dying from anthrax.^^ The bacilli persist in the insects for 
only a short time. 

Pathogenicity for Man. — ^Three routes of infection of human beings 
are known: (a) through the skin, (6) through the respiratory tract and 
(c) through the alimentary tract. The bacillus is almost always trans- 
mitted to man through the agency of the lower animals rather than through 
other human beings. The persons most commonly affected are those having 
to do with cattle and their products, such as butchers, shepherds and 

^3 Mitzmain: Hyg. Lah. Bull. No. 94, 1914. See also Euraneveld and Djaenoedin: 
Nederland. Indische Blad. Diergeneesk., 1940, 52:339. 



506 The Anthrax Bacillus 

herdsmen, handlers of hides, hair and fleeces. During the first World War 
less efficient preliminary disinfection of hides and bristles permitted the 
introduction of anthrax-contaminated airticles from parts of Asia and 
South America, and a striking increase in anthrax occurred from the use 
of shaving brushes — the bacilli were isolated from brushes purchased in 
the open market in some instances. The bacilli are destroyed on such 
brushes by soaking in 10 per cent formalin at 110° F. for four hours. 
Laboratory infections, sometimes fatal, have been known to occur with 
pure cultures of the anthrax bacillus. The case fatality of anthrax in man 
is probably about 20 per cent. 

Malignant Pustule . — The most common form of anthrax in the human 
subject is due to skin infection, and usually takes the form of a localized 
boil or abscess, which often heals spontaneously but may progress into a 
septicemic condition unless checked by incision or other surgical procedure. 
Owing to the relatively high resistance of man septicemia does not often 
occur, especially if the carbuncle be incised and thoroughly drained. 
Lesions of all sizes may be produced, from a minute pustule to a large 
abscess. 

Pulmonary Anthrax , — The pulmonary form of anthrax due to inhalation 
of the microorganisms is the most dangerous, although not the most com- 
mon, variety of the disease in man. It is an occupational disease among 
those who hamdle and sort wools and fleeces and contract the infection by 
inhalation of spores set floating in the air from the infected material ; pul- 
monary anthrax is known in England as “woolsorters’ disease.’* It is 
characterized by many of the symptoms of pneumonia and often passes 
into a fatal septicemia. 

Intestinal Anthrax . — ^The alimentary tract, although the usual path of 
infection in cattle, is very rarely so in man. A few instances are on record 
of intestinal anthrax contracted through the medium of spore-infected 
food. Such cases occur among workers with animal products, and have 
probably been due to lack of caution in handling food with uncleansed 
hands. Insufficiently cooked meat from anthrax-infected animals may also 
be a source of intestinal anthrax. 

The ‘‘Toxicity” of the Anthrax Bacillus. — In typical anthrax septi- 
cemia bacilli are found in immense numbers clogging the capillaries, and 
it was early supposed that death resulted from an “internal suffocation” 
brought about by mechanical interference with the circulation. Death may 
occur, however, in the absence of great numbers of bacteria, and it might 
be supposed that the anthrax baciQus forms a toxin. All attempts to 
demonstrate the existence of either an extracellular or an intracellular 
anthrax toxin have, however, been imsuccessful, and, although all the 
probabilities are in favor of the existence of some such substance, the 
exact manner in which the anthrax bacillus damages the animal organism 
is as yet unknown. As indicated above, the virulence of B. anthracis is 
associated with the presence of a capsule and in this connection it may be 
noted that the d(-) glutamic acid polypeptide that is the capsular substance 

For a discussion of cutaneous anthrax see Hodgson: Lancet, 1941, iLSll; Gold: 
A.rch. Int. Med., 1942, 79.*785. 
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is not hydrolyzed hy the proteolytic enzymes of the body and is, in fact, 
excreted quantitatively by the rabbit.^® 

Immunity. — The cause of the high natural immunity to anthrax 
possessed by the dog, the fowl and certain other animals has been the 
object of much experimentation, but no clear-cut explanation has as yet 
been found. The body fluids of some species manifest bactericidal powers 
toward the anthrax bacillus, hut there is no concurrence between the 
degree of immunity and the anthracidal power of the blood serum. The 
blood serum of the highly susceptible rabbit is strongly bactericidal outside 
the body, but anthrax baciUi injected into the circulation seem to multiply 
freely in the blood stream. Blood taken from the very resistant dog and 
fowl is practically devoid of bactericidal properties. It is likely that phago- 
cytosis plays an important part in some cases; Hektoen^® has shown that 
it is highly probable that the natural immunity of the dog is due to 
phagocytosis. 







Fig. 116 - — Bacillus subtilisy twenty-four-hour culture on nutrient agar. Crystal 
violet stain. No spores have formed as yet. Note the typical arrangement of 'the bacilh* 
X 1200. 


Acquired immunity to anthrax is a consequence of the presence of Hving, 
virulent bacilli in the body; suspensions of killed cells or completely 
avirulent bacilli do not produce an immunity. Pasteur devised a method for 
vaccinating cattle and sheep against anthrax which is dependent on the 
subcutaneous inoculation of attenuated cultures. Two vaccines were used. 
The “first vaccine” consisted of bacilli grown at 42.5® C. for fifteen to 
twenty days and would not always kill guinea pigs though still fatal for 
white mice. After twelve days a second inoculation was made with the 
“second vaccine” of bacilli cultivated at the higher temperature ten to 
twelve days, which would kill guinea pigs but not rabbits. Following inocu- 
lation with these two vaccines, a fully virulent culture could be injected 
with impunity. In spite of some accidents due to the use of imperfectly 

Ivanovics: Ztschr. f. Immunitatsf., 1939, 96:408. 

Hektoen: Jour. Amer. Med. A^n., 1906, 46:1407. 
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standardized vaccines, this method of protective inoculation has proved, 
on the whole, of great practical value. In France 30,000 to 50,000 cattle 
and horses and 250,000 to 350,000 sheep are vaccinated annuMy. Active 
immunization of rabbits and guinea pigs can also be effected by the injection 
of attentuated cultures, hut with much greater difficulty. 

The simultaneous inoculation of anti-anthrax serum and a spore vaccine 
(Sobernheim’s method) has been quite extensively practiced in the United 
States in districts where anthrax is prevalent, and here, too, occasional 
infections with the vaccine occur. 

The serum of actively immunized animals contains specific protective 
substances, and inoculation with such antisera confers some degree of pas- 
sive immunity. In the hands of Sobernheim,^^ Sclavo^^ and others such 
antisera have shown therapeutic value. Both Sclavo’s and Eichorn’s^® sera 
have been used in human cases. More recently it has been found^® that the 



Fig. 117. — Colonies of Bacillus suhtilis on nutrient agax. Twenty-four-h.our culture. 
Note the resemblanpe to colonies of the anthrax bacillus. X 3. 


antibody to the capsular substance is of particular importance but is not 
present in many of the commercial antisera. At the present time it is 
customary to treat anthrax cases with a combination of antiserum and 
arsenicals. 

The mechanism by which such antisera provide protection against infec- 
tion is not certainly known. It may, perhaps, be reasonably assumed that 
anthrax immimity is a phagocytic immunity and that antisera acUas 
sensitizing agents. 

Bacteriological Diagnosis of Anthrax. — If the specimen is fresh and 
not grossly contaminated the anthrax bacillus may be found in gram- 

Sobemheim: Ztschr. f. Hyg., 1897, 25.-301; Centralbl. f. Bakt., I, 1899, 25:840. 

Sclavo: Centralbl. f. Bakt., I, 1899, 2^:425. 

Eichom: Jour. Agr. Res., 1917, 5:37. 

2® Tomcsik and Ivanovics: Ztschr. f. Immunitatsf. u. Exp. Therap., 1938, 94:28. 

Cf, Amer. Pub. Health Assn. Yearbook, Suppl. Amer. Jour. Pub. Health, 1935, 
25:No. 2; see also Cruickshank: Lancet, 1939, ij:681. 
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stained smears as a rule and is readily cultured on the usual nutrient media. 
Such a specimen may also be used for guinea pig inoculation, but it must 
be borne in mind that the sporulating obligate anaerobes will MU as rapidly 
as the anthrax bacillus. In any case the isolated culture must be tested for 
pathogenicity by animal inoculation. The animal will die in thirty-six to 
forty-eight hours after subcutaneous inoculation of a very smaU amount of 
culture. A gelatinous infiltration wiU be found at the site of inoculation and 
the tissues of the animal contain enormous numbers of the baciUi; smear 
of cut spleen, for example, will show many of the large gram-positive 
bacilli. This demonstration of pathogenicity is sufficient for identification 
since none of the aerobic sporulating rods that resemble the anthrax bacillus 
is pathogenic for the guinea pig and similar experimental animals. 

A precipitation test, the Ascoli test or thermo-precipitation test, is 
sometimes used to detect anthrax contamination of hides or other tissues. 



Fig. 118. — Colonies of jBociZZos mycoicfes on nutarient agar. Twenty-four-hour culture- X 3. 


The specimen is extracted with boiling water and the extract used as an 
antigen in a precipitin ring test wdth very high titer anthrax antiserum. 

RELATED BACILLI 

As indicated earlier, there are many species of aerobic sporulating bacilli 
closely related to and indistinguishable from the anthrax bacillus on any 
basis other than pathogenicity. The close morphologicsd similarity led 
many of the earlier workers to describe “avirulent anthrax bacilli,” 
“pseudo-anthrax bacilli,” and “Bacillus anthracoides.” There is, however, 
little basis for such differentiation. On the contrary, the vast majority of 
these haciUi are saprophytic soil forms and are commonly found as con- 
taminants on plates because of the wide distribution of their spores in dust. 
Of these bacilli there are a number of well-defined types or species, the 
more common of which are: 

Bacillus subtilis is the so-called “hay bacillus” which is very common and 
widely distributed; it is the type species of the genus Bacillus. 
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Bacillus vulgatus is sometimes called the ‘‘potato bacillus” and is likewise 
widely distributed in nature. 

Bacillus mesentericus is also a common soil form and very similar to the 
other members of the group. 

Bacillus megatherium is another of these forms; according to Ripple^^ this 
organism was originally named Bacillus megaterium (big rod) by DeBary 
and the name Bacillus megatherium (big animal) is a corruption which arose 
as a pun in some laboratories. It is larger than the above species. 

Bacillus cereus is also larger and it, B, megatherium, and some other 
species are sometimes referred to as the “large-cell species” in distinction 
to the “small-cell species.” Bacillus mycoides, sometimes called Bacillus 
ramosas, is very closely related to B. cereus and is thought by some to be 
the same species. 

These forms can be distinguished from one another on the basis of 
details of spore formation, differential fermentations and the like, and 
constitute stable types. Immunological investigation has confirmed the 
homogeneity of these types also. The immunological specificity of the 
spores appears to be different from that of the cell substance, and Laman- 
na^ has found that four main types of the small cell group can be dis- 
tinguished though differentiation of the large cell group by this means is 
not so satisfactory. Sievers^^ has reported similar results in studies of the 
specificity of the ceU substance. 

The pathogenicity of these forms is very slight at best but B. subtilis is 
occasionally responsible for infection, particularly of the eye, and rarely 
may produce a septicemia in the immature animal. Other bacteria of this 
group are occasionally found to have feeble pathogenic powers. Heaslip^^ 
isolated an aerobic sporulating bacillus which he called Bacillus tropicus by 
the inoculation of mice with blood from persons suffering from a mild infec- 
tion in Australia called “coastal fever.” This bacillus has also been found 
there as a natural parasite of the rat and the bandicoot. It appears to be 
very similar to a bacillus described by Scott^® many years before as Bacillus 
seroficus. Bacillus alvei, the cause of foulbrood of bees, is not pathogenic for 
man. 

Ripple: Arch. Mikrobiol., 1940, ff:470. 

Lamanna: Jour. Inf. Dis,, 1940, ^7.*193, 203. 

Sievers: Jour. Bact., 1942, 45:305. 

25 Heaslip: Med. Jour. Australia, 1941, 2.*536. 

26 Scott: Jour. Trop. Med. Hyg., 1912, p. 97. 
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CLOSTRIDIUM— THE SPORE-FORMING ANAEROBES' 

Family. Bcicillaceae. Genus: Clostridium. Anaerobes or microaerophiles. Often parasitic. 
Rods frequently enlarged at sporulation, producing Clostridium or plectridium forms. 
Type species: Clostridium hutyricum. 

The group of anaerobic sporulating bacilli includes a variety of forms. 
Some of these, the anaerobic nitrogen-fixing bacteria, the butyl alcohol 
and acetone-producing forms and others, have been discussed earlier 
(Chap. 5). Still others, however, are pathogenic for man and lower animals, 
and the more important of these forms — Clostridium tetanic Clostridium 
septicum, Clostridium welchii, Clostridium novyiy Clostridium histolyticum, 
Clostridium chauveU Clostridium hotulinum and the non-pathogenic but 
common species Clostridium sporogenes — will be considered here. 

The status of these bacteria as parasites is open to some question. They 
occur in the soil, in particular abundance in manured soils, sind are found 
in the intestinal tract of man and animals. CL welchii, for example, is 
uniformly present in human feces, and the tetanus bacillus is often found 
(in up to 40 per cent of specimens examined) in the feces of domestic 
animals. It has been assxnned by some that these bacilli are parasitic and 
their presence in the soil is a consequence of contamination. x^Llthough their 
numbers are unquestionably greatly increased by manuring and other 
forms of contamination, some have been found in virgin soils. It is perhaps 
best to regard them as essentially saprophytic soil forms that are capable 
of maintaining themselves in the large intestine. 

None of these bacteria possesses any marked abihty to invade the 
body tissues by itself. CL hotulinum is apparently incapable of setting up 
an infection, while others, such as the tetanus bacillus, produce local infec- 
tions when aided by traumatic injury to the tissues and frequently by the 
presence of other bacteria. Still others, such as the bacilli associated with 
gas gangrene, show pronounced invasive properties when once established, 
but the initial invasion is made possible by other factors, usually trauma 
and the presence of other bacteria. 

The pathogenicity of the anaerobic bacilh is, rather, attributable to 
their ability to form powerful exotoxins, a property which is curiously 
confined to these bacteria, the diphtheria bacillus and possibly the Shiga 
dysentery bacillus. In the case of botuhsm the toxin is preformed outside 
the animal body and, since it is unique in that it is resistant to the digestive 
enzymes, enters the body by way of the ahmentary tract and absorption 

1 These and other anaerobic bacteria are considered at length by Weinberg, Nativelle 
and Prevot; Les Microbes Anaerobies. Masson et Cie. Paris. 1937. The serological rela- 
tionships of these bacteria are reviewed by McCoy and McClung: Bact. Rev., 1938, 2.*47. 
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into the tissues. In the other cases a focus of infection is established and tlie 
toxin formed at that point is disseminated through the body. In some 
instances, such as gangrene, an extensive local destruction of tissue occurs, 
but in general the diseases caused by these bacilli are essentially toxemias. 

It will be clear from the foregoing considerations that infections with 
the sporulating anaerobes are not common under ordinary circumstances, 
for in most instances traumatic injury is a preliminary to infection. On the 
battlefield, however, such injuries are common, and tetanus and gangrene 
are not infrequent complications of war wounds. Such anaerobic wound 
infections were prominent in the first World War, perhaps as a consequence 
of battles fought over the heavily manured fields of France. In any case, 
the interest aroused resulted in considerable additions to knowledge of 
these infections, gangrene in particular. 

CL histolyticum is microaerophilic, i.e., it will grow in the presence of 
small amoxmts of oxygen, but the remainder of the forms considered here 


MORPHOLOGICAL AND BIOCHEMICAL CHARACTERISTICS 
OF THE MORE IMPORTANT PATHOGENIC ANAEROBES 
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are obligate anaerobes. They may be isolated in pure culture by picking 
colonies from a shake culture or from plates incubated in an anaerobic jar. 
All are large gram-positive rods, non-encapsulated with the exception of 
CL welchii, and motile by means of peritrichous flagella with the exception 
of CL welchii. Spores are usually of a greater diameter than the vegetative 
cells, and the si>ore-containing cells are spindle- or club-shaped. The spores 
of the tetanus bacillus are round and terminal, and those of the other bacilli 
oval and subterminal. Two general physiological types of anaerobic bacilli 
may be distinguished, the one predominantly fermentative or saccharolytic^ 
and the other predominantly proteolytic. These and other characteristics 
are summarized in the accompanying table. 

Large amoxmts of volatile organic acids are produced in the fermentation 
of carbohydrates by these bacilli; they differ in this respect from the other 
pathogenic bacteria which produce non-volatile acid, i.e., lactic acid, for 
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the most part. Amino acids are vigorously attacked by the obligate anaer- 
obes; some are ‘"fermented” to organic acids,^ while others are mutually 
oxidized and reduced, a process that has been discussed elsewhere (p. 111). 

TETANUS (CLOSTRIDIUM TETANI) 

Tetanus is a disease of man and animals characterized by spasms of the 
voluntary muscles. The spasms are often most marked in the muscles of 
the jaw and neck, hence the name “lockjaw.” The tetanus bacillus was first 
described in 1884 by Nicolaier,^ who observed it in the pus taken from mice 
and other animals that had died after subcutaneous inoculation with small 
quantities of soil. Elitasato^ isolated the microorganism in pure culture and 
demonstrated its causal significance. He also proved the inability of the 
tetanus bacillus to invade the blood stream and showed the disease to be 



Fig. 119 .- — Clostridium tetani in pure culture. Young, actively growing culture siiow- 
ing beginning spore formation. Note the refractile, unstained spores, the drumstick 
appearance when these are attached to the cells, and the tendency of the vegetative 
cells to remain attached end to end. Fuchsin; X 1150. 


an intoxication.^ In 1890 von Behring and Entasato® laid the basis for anti- 
toxic therapy in their discovery of diphtheria and tetanus antitoxin. 

Morphology. — Individual tetanus bacilli are slender, motile (20 to 30 
peritrichous flagella), gram-positive, sporulating rods with roxmded ends. 
Their common dimensions are 0.3 to 0.5 p. in width and 2 to 5 ai in length, 
but vegetative filaments of much greater length occur. The shorter forms 
are usually straight; filaments tend to curve in an undulating manner. 
Short chains of rods may occur. The spore is spherical and terminal and 
larger in diameter than the vegetative cell; spore-containing cells have a 

* Such as the conversion of glutamic acid to butyric and acetic acids, carbon dioxide, 
ammonia and hydrogen. Cf. Barker: Jour. Bact., 1938, 56:322. 

3 Nicolaier: Deut. med. Wchnschr., 1884, fd:842. 

^ Kitasato: Ztschr. f. Hyg., 1889, 7:225. 

5 Ihid,, 1891, fd:267. 

*von Behring and Kitasato: Deut. med. Wchnschr., 1890, 16:1113. 
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characteristic drumstick appearance (Fig. 119). Isolated colonies in deep 
dextrose agar have a woolly appearance and may either be flocculent or 
have an opaque center. Surface colonies are flat, rhizoid, or even feathery, 
and frequently exceed 1 mm. in diameter. Later the centers may become 
slightly raised. Colonies' on blood agar show hemolysis. 

Physiology. — ^The tetanus bacillus develops in plain or dextrose broth 
and in brain, meat, agar and gelatin media from which the air has been 
expelled by heating and excluded by some form of seal. If the depth of 
media is adequate, say 10 to 12 cm., no special seal is required, especially 
for the more viscous media. Growth occurs between 14° and 43° C.; the 
optimum temperature is 37° C. 

The growth of CL tetani is influenced greatly by the presence of associated 
noicroorganisms. In sugar-free media it may be grown in mixed cultures 
upon the surface of culture media in contact with air through the absorption 
of oxygen by the associated aerobes. But in dextrose broth the growth of 
the tetanus bacillus in mixed cultiue is likely to be inhibited by acid forma- 
tion due to the associated bacteria. Sugar-free media, such as meat infusion 
peptone broth or deep meat or brain media, are therefore preferable for 
Loitial culture from contaminated material. Pure cultures may be isolated 
from these initial cultures by deep agar or surface culture methods.'^ It has 
been supposed that an initial heating of the contaminated material simpli- 
fies isolation of the tetanus bacillus by destroying the vegetative cells of 
other microorganisms that may be present; this method may, however, 
leave the spores of the tetanus bacillus still badly mixed with those of other 
aerobic and anaerobic bacteria, some of which may be more resistant than 
the tetanus spores. 

In piue culture, dextrose stimulates growth as in the case of the other 
anaerobes, although dextrose and other carbohydrates are not fermented 
by CL tetanL Sporulation is not inhibited by carbohydrates, however, as 
with the fermentative anaerobes; on the contrary, sporulation of the tetanus 
bacillus is accelerated in dextrose broth. 

Growth in gelatin stab is slow at 22° C., but in ten days or so the charac- 
teristic inverted fir-tree type of growth is apparent. Incubated at 37° C. for 
two to three days, gelatin cultures usually fail to stiffen in the refrigerator. 
Coagulated proteins, such as blood serum and egg white, are very slowly 
liquefied. Deep brain and meat media may be slightly softened, bat never 
digested fully ; after several weeks a slight darkening occurs near the surface 
exposed to air. The tetanus bacillus is, therefore, only weakly proteolytic. 
Amino acids are, however, utilized readily but not by paired oxidation- 
reduction; glutamic acid, aspartic acid and serine, for example, are attacked 
directly with the formation of GO 2 , NH3 and acetic and butyric acids.® Both 
anuno acids and carbon compounds are readily dehydrogenated.® In litmus 
milk there is reduction of the indicator and sometimes a slight precipitation 
of the casein. Nitrates are not reduced to nitrites, but hydrogen sulfide and 
indol are produced. 

^ Cf. Reed and Orr: Proc. Soc. Exp. Biol. Med., 1941, 4^:535; War Med., 1941, /.-493. 

® Clifton: Jour. Bact., 1942. 44:179. 

^ Pickett: Jour. Biol. Chem., 1943, 454:203. 
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The tetanus baciUus has been grown in synthetic media and its growth 
requirements are relatively complex, including the amino acids arginine, 
histidine, tyrosine, valine, leucine, isoleucine and tryptophane; the bac- 
terial vitamins riboflavin, pantothenic acid, thiamin, “folic acid,” biotin, 
pyridoxine, and nicotinic acid; the purines adenine and uracil; and oleic 
acid.^® The formation of toxin is inhibited by iron and best yields are 
secured when as much iron as possible is taken out of the medium, though 
undoubtedly very small amounts are required. The production of toxin for 
the preparation of toxoid is now being carried out in the peptone-free casein 
hydrolysate medium of MueUer and Miller.^^ 

Spore formation begins in about two days at 37° C. and in eight or ten 
days at room temperature. The spores are highly resistant and when pro- 
tected from light and heat remain viable for years. Theobald Smith found 
a number of strains that resisted steaming at 100° C. for forty to sixty 
minutes. Five per cent phenol is said to destroy tetanus spores in ten to 
twelve hours; the addition of 0.5 per cent hydrochloric acid may reduce 
the time to two hours. Mercuric chloride, 1:1000, kills in two to three 
hours, with 0.5 per cent hydrochloric acid in thirty minutes. One per cent 
silver nitrate kills in one minute. 

Antigenic Structure. — The tetanus bacillus is antigenically hetero- 
geneous, and a number of types, designated by Roman numerals, have been 
described.^^ At present ten in all are known.^^ Both somatic and flagellar 
antigens appear to be involved, the former of a group and the latter of a 
specific nature. Types I and III have been found most commonly in the 
United States, England and France, Type V in China. The toxin formed 
by these types is immunologically identical and the subdivision into agglu- 
tination types does not appear to have any practical significance. 

Tetanus Toxin. — ^As indicated elsewhere, the potent soluble toxin pro- 
duced by the tetanus bacillus is of dual nature; tetanospasmin is the portion 
that affects the nervous tissue and tetanolysin is a hemolysin. The former 
is by far the more important; there is no indication that tetanolysin has 
any significance in connection with the ordinary symptom-complex. Liquid 
cultures are usually highly toxic; 5 X 10'® cc. may be fatal to a mouse 
weighing 10 gm. Hall^® repeatedly produced toxin of which the guinea pig 
MLD was rarely more than 0.0001 cc. and usually less. Ruediger^® was 
equally successful, and in one instance produced tetanus toxin of such 
strength that 1 cc. would have sufficed to kill 50,000 guinea pigs. 

The toxin is filterable and may be freed from bacteria by filtrations 
through Berkefeld, Chamberland and similar filters. In aqueous solution 
the toxin is highly unstable to heat and light and must be stored in a cold 
dark place. It is apparently protein in nature, or at least has not as yet 

Mueller et aL: Jour. Bact., 1942, 43:76S; ibid.., 1943, 4^:559, 563. 

MueHer aud Miller: Proc. Soc. Exp. Biol. Med., 1940, 45:389. 

12 Mueller and Miller: Jour. Immunol., 1943, 47:15. 

13 Cf. Gunnison: Jour. Immunol., 1937, 52:63. 

1“^ The tenth type has been described by Maclennan: Brit. Jour. Exp. Path., 1939, 
20:371. 

13 HaU: Univ. Calif. Pub. in Path., 1913, 2:97. 

.1® Ruediger: Philippine Jour. Sci., 1915, /d:31. 
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been separated from protein, and is destroyed by proteolytic enzymes and 
hence is ineffectiYe when given by mouth. It may be precipitated with 
ammonium sulfate and in the dry state retains its potency for a long time. 
It is an excellent antigen and gives rise to high titer antitoxic sera. 

As indicated above, tetanus toxin is one of the most potent poisons 
known, and its toxicity far exceeds that of alkaloids and other substances 
generally regarded as highly poisonous. Its potency is not known with any 
precision because, so far as is known, it has never been prepared in a state 
of purity. Ammonium sulfate precipitates were found by Brieger and Co- 
hen^^ to kill white mice in doses of 5 X 10"® gm., and the preparations of 
London and Aristovsky^® killed mice in amounts of 2 X 10'® gm. Eaton’s^® 
purified material was lethal for 500 gm. guinea pigs in amounts as small 
as 18 X 10“® gm. 

The amount of toxin required to kill different animals varies consider- 
ably, as the following comparative figures from Knorr^® show: 

Destroyed by 

1 gram of horse x toxin 

1 gram of goat » 2x toxin 

1 gram of mouse 13x toxin 

1 gram of rabbit 2000x toxin 

1 gram of hen 200,000x toxin 

Cold-blooded animals are not susceptible to tetanus toxin. An incubation 
period is always observed, and this cannot be shortened beyond a certain 
mi ni mal limit (in the mouse eight hours), even with large doses. Otherwise 
the incubation period and the time of death are inversely proportional to 
the amount of toxin injected. 

The DisseTniTiCition of Tetanus Toxin in the Body,-- — There are two views 
concerning the pathway by which tetanus toxin reaches the central nervous 
system. According to the experimental evidence of Meyer and Ilansom,^! 
tetanus toxin is absorbed by the end-organs of the motor nerves and travels 
to the ganglion cells of the central nervous system, not by way of the blood 
or lymph channels, but along the axis-cylinders of the peripheral nerves. 
The time consumed in this passage represents the larger part of the incu- 
bation period. The toxin may circulate for a time in the blood, but the only 
path to the central nervous system lies along the axis-cylinders of the motor 
nerve tract. Intravenous injection of toxin into experimental animals 
causes only general tetanus, according to Ransom’s later reiteration of this 
view.22 A cut nerve takes up the toxin very slowly and a degenerate nerve 
not at all. Section of the spinal cord prevents the toxin from reaching the 
brain. Meyer and Ransom believed that the spinal ganglion of the sensory 
nerve presents a barrier to the advance of the toxin, and that for this reason 
sensory nerves are unable to conduct the toxin. The remarkable excitation 

Brieger and Cohen: Ztschr. f. Hyg., 1893, i5:S. 

London and Aristovsky: Compt. Rend. Soc. Biol., 1917, 80:756. 

Cf. Eaton: Bact. Rev., 1938, 2:3. 

20 Knorr: Miinch. med. Wchnschr., 1898, 45:321. 

^ Meyer and Ransom: Arch, t Exp. Path. u. Pharm., 1903, 49:369. 

Ransom: Lancet, 1917, u:928. 
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of the motor cells of the spinal cord that is observed in tetanus is not 
accompanied by characteristic lesions. 

Although long generally accepted, this view has been challenged in recent 
years by Abel and his co-workers,^ who propose the following theory as in 
accord with their e^jperimental findings: The toxin exhibits both a central 
and a peripheral action, each of which may he demonstrated independently 
of the other. The central effect, which is characterized by reflex motor con- 
vulsions, is due to the poisoning of the motor nerve cells of the spinal cord, 
medulla and pons; the peripheral effect, recognized as the unremitting 
rigidity of voluntary muscles, results from the fixation of the toxin upon the 
motor end-organs. Following subcutaneous or intramuscular injection the 
toxdn is absorbed by the lymphatics and distributed to the central nervous 
system by way of the arterial circulation. Normal tonicity of the motor 
end-organs seems to be essential to the development of tetanic rigidity; 
neruotomy results in an immediate, sharp depression of the tonicity of the 
myoneural junctions, hence they are not responsive to the influence of 
tetanus toxin. 

Abel’s views have not been generally accepted in spite of their support by 
convincing experimental evidence which cannot be reviewed here. Other 
experimental data have recently been presented in support of the theory of 
the axis-cylinder pathway,^^ and as yet no conclusion may be drawn. 

Tetanus toxin possesses a strong affinity for the cells of the central 
nervous system, as evidenced by the now classic experiments of Wasser- 
mann and Takaki.^s A mixture of toxin and brain substance can be injected 
into an animal without producing any toxic effect, the toxin apparently 
entering into a firm combination with some ingredient of the nerve sub- 
stance. Not only the central nerve cells, but to some extent other tissue 
cells, are able to bind tetanus toxin. Subcutaneous inoculation is less likely 
to result fatally than direct inoculation into nerve tissues because some of 
the toxin is bound and prevented from reaching the highly sensitive nerve 
cells. 

Pathogenicity. — ^Tetanus is essentially an intoxication- The bacilli set 
up a localized infection and the toxin formed there is disseminated through 
the body and gives rise to the symptom-complex characteristic of the dis- 
ease. Bacillemia may occur very rarely, however, and has been produced 
experimentally.^® The bacilli generally gain entrance to the tissues by means 
of a deep, dirty wound which may be relatively small, so small sometimes 
as to escape serious attention. The widespread occurrence of the tetanus 
bacillus would seem out of harmony with the relative infrequency of tetanus 
infection but, it may be noted, mere introduction of the bacillus into the 
body is not sufficient to produce the disease; the microorganisms must find 
favorable conditions for proliferation at the site of penetration. Experi- 
mentally, pure cultures of vegetative cells or spores that have been freed 

23 In a series of publications beginning in 1934. Reference may be made to the ninth 
paper by Abel, Warfield and Chalian: Bull. Johns Hopkins Hosp., 1938, 63:Z7S. 

^ Cf, Fiiedemann, Hollander and Tarlov: Jour. Immunol., 1941, ^0:B25. 

2s Wassermann and Takaki: Ber. k l in. Wdhnschr., 1898, 55:5. 

Piringer: Centralbl. f. Bakt., I Abt., Oiig,, 1941, 147:35. 
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from toxin cannot germinate in uninjured tissues, but simultaneous inocu- 
lation with common saprophytes, such as Bacterium prodigiosum, or with 
irritant chemicals, such as calcium salts or lactic acid, enables the bacilli to 
grow and form toxin. As indicated elsewhere (p. 90), a sufficiently low 
oxidation-reduction potential is necessary for the germination of tetanus 
spores, and it is not unlikely that the potential of normal tissues is too high 
to allow germination but is reduced by injury. 

Tetanus of the newborn or tetanus neonatorum is a consequence of infec- 
tion of the umbilicus through septic midwifery. It is especially common 
among the Negroes of the southern states and in other races living under 
unhygienic conditions. 

The tonic spasms characteristic of tetanus usually begin at the site of 
infection, and the initial symptoms may include headache and stiffness of 
the neck. The spasms may renaain localized in mild infections, but usually 
they are general and involve the whole somatic muscular system. Post- 
mortem findings are insignificant; other than a moderate congestion, the 
organs show no pathological changes and the initial lesion may, of course, 
be inapparent or small. 

The incubation period of tetanus is variable and may range from two to 
fifty days. The case fatality is inversely related to the incubation time; it 
may be as high as 70 to 80 per cent or as low as 15 to 20 per cent. Death, 
if it occurs, follows relatively soon after the appearance of symptoms; the 
dictum of Hippocrates, “such persons as are seized with tetanus die within 
four days, or if they pass these they recover,” still stands. When the disease 
has a prolonged incubation period, a less sudden development of symptoms, 
and consequently more favorable prognosis, it is sometimes termed 
“chronic.” 

Lower Animals. — Tetanus is not a rare affection in the horse, the symp- 
toms and course of the disease being similar to the disease in man. Cattle, 
sheep and hogs are less commonly affected. Experimentally, tetanus can 
be produced in mice and guinea pigs by the inoculation of spores introduced 
on splinters of wood, and also by injection of toxin. The feeding of animals 
with tetanus bacilli, spores or toxin is without effect. Tetanus differs from 
most other infectious diseases in that the diseased animal is not an appreci- 
able factor in the spread of infection. A normal horse apparently may 
distribute tetanus spores quite as widely and freely as a horse sick with 
tetanus. 

Immunity. — As indicated earlier, tetanus toxin is an excellent antigen 
and high titer antitoxic sera may be prepared. Horses are good producers 
of antitoxin and are immunized by toxin-antitoxin mixtures followed by 
toxin alone. In France toxoid is used for the first injections. 

The Standardization of Antitoxin. — The antiserum is standardized accord- 
ing to the method of Rosenau and Anderson, in which the American 
immunity unit is defined as “ten times the least quantity of antitetanic 
serum necessary to save the life of a 350 gm. guinea pig for ninety-six hours 
against the official test dose of a standard toxin furnished by the Hygienic 
Laboratory of the Public Health and Marine Hospital Service.” The official 
Rosenau and Anderson: U. S. Pub. Health Serv. Bull. No, 43, 1908 
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test dose is about 100 guinea-pig MLD’s of a precipitated standard toxin. 
It may be noted that the Lq rather than the L^. endpoint is determined. 
Thus the tetanus antitoxic unit has slightly more than 10 times the experi- 
mental protective power of the diphtheria antitoxic unit. An antitoxic unit 
strength of 900 per cc. may be attained exceptionally. Practice has been 
different in other countries, however, and the Permanent Committee on 
Standardization of the Health Organization of the League of Nations found 
that 1 German unit, 66 American units and 3750 French units were 
equivalent. It has been agreed that the international unit shall be one-half 
of the American unit.^® 

The appearance of multiple zones of precipitation has interfered with the 
application of the Ramon flocculation method to tetanus toxin, toxoid and 
antitoxin. Goldie, Parsons and Bowers^® have found, however, that a 
specific flocculation zone occurs with refined enzyme-treated antitoxin. 

The antitoxin deteriorates with time, of course, the most important 
factor being the temperature at which it is stored. Amies®® has found that 
during storage for one year no potency is lost, at room temperature the loss 
is 7 to 9 per cent, and at 37® C. it is 44 to 47 per cent. 

The Prophylactic Use of Antitoxin . — In veterinary practice, tetanus 
antitoxin has been used prophylactically with a high degree of success, as 
the references compiled by MacConkey®^ show. Vaillard collected the 
statistics from 1898 to 1906 of eight veterinary surgeons who inoculated 
13,124 animals after operations or accidental wounds, without the occur- 
rence of a single case of tetanus. During the same time two veterinary sur- 
geons alone saw 139 cases of tetanus among animals which did not receive 
the treatment. The figures of Nocard and Labat added to Vaillard’ s data 
cover the cases of 16,917 animals recieving prophylactic injections; among 
them only one horse had tetanus. In this case the antitoxin was given five 
days after the wound and the attack was mild. 

It is probable that in many cases tetanus is averted in man by the 
prophylactic use of antitoxin. Even though the disease is not prevented 
the incubation period is delayed and the disease may be very mild or 
remain localized. Precise statistical evidence involving comparable series of 
controls is not, of course, available, but the experience of the first World 
War was that with increased use of tetanus antitoxin there was not only a 
lower incidence of the disease but an increase in mild and chronic cases. 
Passive immunization provides antibody in the circulating blood which 
combines with toxin and renders it harmless. The avidity of the nervous 
tissue for tetanus toxin is very great, however, and symptoms may appear 
in spite of the presence of circulating antibody. Passive immunity is tran- 
sient, of course,* and repeated injections of antitoxin at six- to seven-day 
intervals must be made as long as danger of infection remains. 

The Therapeutic Use of Antitoxin . — ^Tetanus antitoxin appears to have 

28 C/- Prausnitz: Memoranda on the International Standardization of Therapeutic Sera 
and Bacterial Products. League of Nations Health Organization. 1929. 

23 Goldie, Parsons and Bowers: Jour. Inf. Dis., 1943, 71:212. 

33 Amies: Brit. Med. Jour., 1941, p. 709. 

‘^MacConkey : Brit. Med. Jour., 1914, ii-*609. 
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but limited therapeutic value. It is obvious, of course, that symptoms result 
from damage to the nerve tissue and the administration of antitoxin will 
neither repair such damage nor displace the more avid nerve tissue already 
in combination with toxin. Reports on the therapeutic value of antitoxin 
are conflicting; some workers contend that intrathecal administration either 
alone or combined with intramuscular injection has a beneficial effect. The 
records of Cook County Hospital in Chicago, however, show that the ther- 
apeutic use of antitoxin has not reduced the mortality from tetanus there.^^ 

Active Immunization . — In recent years some emphasis has been placed 
upon active immunization against tetanus, particularly by the French 
workers. In a summary of the results of twelve years’ experience with active 
immunization of horses and men with formol toxoid, Ramon®^ states that 
in one cavalry unit in which tetanus was endemic more than 50,000 horses 
were immunized over a ten-year period and tetanus has practically disap- 
peared, and in a miUion and a half human beings immunized with toxoid 
no case of tetanus has occurred. 

With the beginning of the second World War, active immunization 
against tetanus was adopted by the armed services of France, Britain and 
the United States. Formol toxoid has been used for the most part as an 
immunizing preparation but alum precipitated toxoid is regarded by many 
as the preferred preparation^^ and is used by the United States Navy. No 
international standard exists for tetanus toxoid; the United States Army 
specified that the toxin contain at least 10,000 guinea pig MLD’s per ml. 
and be detoxified with 0.4 per cent formalin; the final preparation must be 
atoxic for guinea pigs in 5 ml. amoxmts, and pigs receiving 1 ml. as an 
immunizing dose must be able to withstand 10 MLD of toxin at the end of 
six weeks.^ More rapid methods of assay using mice have been suggested 
by Greenberg, Morrell and Gibbard^® and by Koerber.®’^ For immunization 
three doses of 1 ml. each are given at intervals of three weeks and a stimu- 
lating dose one year later. The value of more than two doses is illustrated 
by Evans®® who found that the mean antitoxin titer after two inoculations 
was 0.35 lU (International Units) but with a third inoculation ten months 
later the mean titer rose to 10 lU and eighteen months later was still 0.37 lU. 

In practice this immunization appears to be highly effective. From the 
initiation of immunization in the United States Army in 1941, there were 
only four cases of tetanus, and those in imimmunized persons, in the follow- 
mg two years. British experience in the Middle East war zone similarly 
indicated an eflfective immune response, though in most cases only two 
doses were given.®® The success of active immunization, coupled with the 
low incidence of untoward reactions (reported to be 1 in 10,000 immuniza- 
tions with improved toxoid), has suggested its more general application in 

® Calvin: Jour. Amer. Med. Assn., 1930, 94:1977. 

** Ramon: Rev. Immunol., 1939, 5:477. 

^ Jordan and Halperin: War Med., 1941, 1:227. 

^ Long: Amer. Jour. Pub. Health., 1943, JJ:53. 

Greenberg, Morrell and Gibbard: Jour. Immunol., 1943, 46^:333. 

Koerber: Jour, Immunol., 1943, 4^:391, 411. 

Evans: Lancet, 1943, u:316. 

Boyd and Maclennon; Lancet, 1942, i:745. 
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Gaseous Gangrene 

civil life. In France, where active immunization to tetanus has been of more 
and earlier interest than elsewhere, it has been made compulsory as with 
diphtheria immunization.^ ° In this country considerable interest has at- 
tached to combined tetanus and diphtheria immunization of children^ but 
this has not found general application as yet. 

GASEOUS GANGRENE 

Gaseous gangrene is a syndrome often following dirty, lacerated wounds, 
especially those involving fractures. It is a characteristic complication of 
war wounds, and present knowledge of this affection was largely developed 
during the first World War. But this disease is by no means so rare in civil 
life as was formerly thought. The increased number of injuries in automobile 
accidents is responsible for many cases of gangrene. Men injured about 
railroad tracks, either employees or vagrants, seem particularly prone to 
develop gaseous gangrene ff not properly and promptly treated. Certain 
forms of peritonitis, appendicitis, intestinal obstruction, puerperal sepsis 
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and postoperative infections (particularly laparotomy) are etiologically 
closely related to it. 

In the fulminating form of gaseous gangrene the muscles become filled 
with gas and with a serosanguineous exudate depending for its character 
upon the associated microorganisms, for this disease is nearly always a 
mixed infection of aerobes and anaerobes of several species. The accom- 
panying table from Hall^ shows the chief pathological changes in guinea 
pigs inoculated with various anaerobes or their toxins. 

Weinberg and Seguin^ studied 126 cases of gangrenous wound infection 
other than tetanus. Of these, 35 were phlegmonous and 6 of them yielded 
only aerobic bacteria; the remainder contained anaerobic bacilli. Thus 
aerobes are apparently able to produce gaseous phlegmons, but the number 
of such cases is smedl ; gaseous infections are predominantly anaerobic and 

Bull. OflSce Intemat. d’Hyg- Publique, 1940, 32.*748. 

^ Cf: Bigler and Werner: Jour. Amer, Med. Assn., 1941, 416^:2355. 

^ HaU: Jour. Bact., 1928, 45:17. 

^ Weinberg and Seguin: La Gangrene Gazase. Masson et Cie. Paris. 1918. 
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the r61e of aerobes is, as a rule, only accessory. Of the 120 cases of anaerobic 
infection, 90 contained both aerobes and anaerobes; 70 contained more than 
1 anaerobe and 50 but a single anaerobic species. The frequency with which 
the various anaerobic species were found is summarized in the accompany- 
ing table. 

Clearly, then, the bacteriology of gaseous gangrene is complicated and 
whde, as stated by Weinberg and S6guin, there is in effect a typical form 
of gaseous gangrene, (a) it is not always produced by the same micro- 
organism; (6) it is frequently caused by several associated agents; (c) it is 
often the complex result of the combined action of these principal anaerobic 
bacilli with various other bacteria which play an indeterminate accessory 
r61e. 

The more important of the anaerobic bacilli associated with gaseous 
gangrene are discussed in the following sections. 


THE FREQUENCY OF OCCURRENCE OF ANAEROBIC BACILLUS SPECIES 
IN GASEOUS GANGRENE 
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Cases 

Per Cent 

Cl. perfringens (welchii) 

91 

72 

37 

74 

CL sporogenes 

S4 

27 

2 

4 

at. edematiens (novyi) 

33 

26 

6 

12 

CL fallax 

26 

21 

3 

6 

CL septicum 

12 

9.5 

1 

2 

CL tetani 

11 

8.7 

— 

— 

CL hisiolyticum 

8 

6.3 

— 

— 

CL aerofoetidum 

5 

3.9 

1 

2 

CL putrificum 

2 

1.6 

— 

— 

CL hifermentens (sordellii ) .... 

2 

1 1.6 

— 

— 

CL tertium 

1 

0.8 

— 

— 

Bacillus II of Ghon and Sachs. 

1 
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1. Teoe Vibrion Septique, Clostridium Septicum 

In 1877 and 1881 Pasteur,^ while studying anthrax, produced asepti- 
cemia in rabbits and guinea pigs by the inoculation of putrid blood from 
a cow. The affection could be communicated from individual to individual, 
and a sporulating, motile, rod-shaped anaerobe, considered by him “one 
of the vibrions of putrefaction” (the actively motile bacilli sometimes 
appear to be curved), was regarded as the cause of the septicemia and 
named “vibrion septique.” 

In 1881 Koch^ described the pathological effects of a microorganism 
which he declared identical with the vibrion septique of Pasteur. But this 
bacterium failed to produce a septicemia in guinea pigs, and since its 
pathogenic effects were limited largely to the site of inoculation, Koch 
designated it “the bacillus of malignant edema.” 

^ Pasteur: BtiU. Acad. Med., 1877, p. 781; 1881, 2s., f 0:176. 

^ Koch: Mitteil. aus dem kais. Gesundheitsamte, 1881, i:l. 
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Neither Pasteur’s nor Koch’s description would suffice now to identify 
with certainty the microorganisms in question. Fortunately, the original 
strain of Pasteur’s “vibrion septique” has been maintained in France, so 
that its outstanding characteristics are well known. The lack of any such 
legacy from Koch in Germany, due to his failure to recover cultures, has 
led to an all but interminable discussion as to the properties of the 'True 
bacillus of mahgnant edema.” The vibrion septique is now generally known 
as Cl. septicum. 

Morphology — The vibrion septique is a gram-positive, sporulating, 
spindle-shaped rod, or filament, and in yornig cultures motile, with many 
peritrichous flagella. The ends are slightly rounded and the spores, which 
are oval, are usually median and swell the vegetative cell into a clostridium 
previous to their release. Spores are formed only in media not containing 
fermentable carbohydrate in excess. The long chains and filaments of these 



Fig. 120 . — Clostridium septicum from pure culture. The tendency to form elongated 
vegetative cells is apparent. Fuchsin; X 1050. 

microorganisms which occur on the visceral surfaces of infected guinea pigs 
are of high differential value. Capsules have never been observed. Deep 
colonies in 1 per cent agar are transparent or semitransparent. Hemolysis 
occms on blood agar. 

Physiology. — Cl. septicum is a strict anaerobe and develops readily in 
deep brain or tissue media, producing gas rather abundantly. These media 
are not discolored even in the presence of metallic iron. Gelatin is liquefied, 
but coagulated serum and other proteins are not digested or blackened. 
Hydrogen sulfide is produced but indol is not. Dextrose, levulose, galactose, 
maltose, lactose and sahcin are fermented; media not containing one of 
these sugars support only sHght growth. Sucrose, inulin, mannitol and 
dulcitol are not fermented. The fermentation of salicin and non-fermenta- 
tion of sucrose allow the biochemical differentiation of Cl. septicum and 
Cl. chauveiy for the latter does not ferment salicin but does ferment 
sucrose. 
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Antigenic Structure and Toxin. — Strains of CL septicum are immuno- 
logically related but distinct. Four groups have been distinguished on the 
basis of the somatic antigen, and subdivisions may be made by the flagellar 
antigen. These bacilli are immunologically related to CL chauvei. The toxin 
formed, however, is specific, but a relatively weak lethal agent. The MLD 
for mice is about 0.005 cc. When injected into animals it produces a gelati- 
nous edema and some local necrosis of the tissues. According to Kellaway, 
Reid and Trethewie^^ the toxin has a specific cardiac action in the cat and 
rabbit, producing a fall in systemic and a rise in venous blood pressure, in 
the cat a specific constriction in the pulmonary and coronary circulations, 
with edema of the lungs and loss of fluid from the circulation. 

Pathogenicity. — CL septicum does not occur in gaseous gangrene of 
man as frequently as some of the other anaerobic bacilli but has been found 
in such affections both alone and in mixed cultures. It has been recovered 
from gaseous infections in cattle and may be one of several microorganisms 
responsible for blackleg, usually considered a specific disease due to Cl 
chauvei. It has also been found in gaseous infections of hogs and other 
domestic animals. Experimentally the vibrion septique is strikingly patho- 
genic for chickens, pigeons, rabbits, guinea pigs, rats and mice. In such 
animals the bacteria develop rapidly, producing gas and a reddish, serous 
edema. They invade the adjacent tissues and the circulation, producing a 
septicemia which is usually fatal within twenty-four to forty-eight hours; 
sublethal doses do not produce any reaction. Impression smears from the 
tissues, and especially from the liver, usually show elongated filaments or 
chains as contrasted with the single bacilli found in animals killed with 
CL chauvei. 

Antitoxic sera which are prophylactic and, to some degree, curative may 
be prepared by injection of CL septicum toxin into horses. The antisera do 
not have the high antitoxin content that is found in antitetanic sera. 
Polyvalent commercial sera for prophylactic and therapeutic use in wound 
infections often contain antibodies to CL septicum. 

2. Clostridium Welchii (Clostridium Perfringens) 

Clostridium welchii was first cultivated by Achalme^® and supposed by him 
to be the cause of articular rheumatism. In 1892 Welch and NuttalP® 
isolated this bacillus from the foamy organs of a cadaver and called it 
Bacillus aerogenes capsulatus. Found by FrankeP® the following year, it was 
designated Bacillus phlegmonis emphysematosae, and in 1897 Veillon and 
Zuber called it Bacillus perfringens. Sometimes called Frankel’s bacillus in 
Germany, CL perfringens in France and CL welchii in English-speaking 
countries, it is designated CL perfringens by Bergey. 

Moirpliology. — CL welchii is a phimp, non-motile, gram-positive rod of 
variable length, occurring in chains and singly. Capsules are usually 
present in preparations made from the organs or body fluids. Spores are 

^ Kellaway, Reid and Trethewie: Australian Jour. Exp. Biol. Med. Sci., 1941, 19:291. 

Achalme: Compt. Rend. Soc. Biol., 1891, 13:6^1. 

Welch and Nuttall: Bull. Johns Hopkins Hosp., 1892, 5:81. 

Frankel: Centralbl. f. Bakt., 1893, f5:13. 
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formed sparingly and only in the absence of fermentable carbohydrates; 
they are centrally located, rarely subterminal, and do not swell the vegeta- 
tive cell in which they are formed. Isolated colonies in deep agar are com- 
pact, opaque, white or grayish white biconvex disks. On blood agar the 
round, smooth, opaque, entire-edged colonies are relatively large, 2 to 5 
mm. in diameter, and surrounded by a zone of hemolysis. 

Welch’s bacillus is a strict anaerobe and grows readily in deep brain, 
meat infusion broth, agar and gelatin media. Its growth in sugar-free media 
is greatly restricted. Optimum conditions for' growth are provided by media 
containing fermentable carbohydrates, but such cultures are often short- 
lived because of the lack of spore formation and the destructive action of 
the formed acids on the vegetative cells. Brain and meat media are not 
blackened normally, but the presence of metallic iron produces a distinct 
discoloration. Gelatin is liquefied but coagulated serum or egg is not 
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Fig. 121 . — Clostridium welchii from pure culture. Note the relatively smaller size of 
these bacteria and the central spores. Fuchsin; X 1050. 


digested. Hydrogen sulfide is produced, indol is usually said to be negative 
but its formation is uncertain. 

Acid and gas are produced in glucose, maltose, lactose and sucrose; 
neither mannitol nor salicin is fermented; some strains ferment inulin and 
some glycerol. Broth cultures containing fermentable sugars become 
markedly turbid with abundant gas formation, and many cultures, pos- 
sibly all at certain stages, become stringy and viscid. Milk is fermented 
with a characteristic ‘"stormy” evolution of gas, followed by coagulation 
of the casein due to acid formation, and the curd is shortly torn to shreds 
by the continued evolution of gas within. The curd is not digested. This 
“typical” reaction is considerably modified by incomplete anaerobiosis; gas 
production may be slow and the solid curd is torn only slightly if at all. 
Under optimum conditions 3.8 times the volume of the milk may be evolved 
as gas; hydrogen predominates during the early stages of the fermentation 
and carbon dioxide in the later stages. 

18 
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Types. — ^Although CL welchii strains from gaseous gangrene form the 
same toxin, they are .not immunologically homogeneous. Henderson®^ has 
observed that the Wilsdon types (see below) are homogeneous with respect 
to heat-stable antigen with the exception of Type D in which he found 6 
kinds of antigens in 13 strains. RodwelP^ has shown that a number of sub- 
types of each of the Wilsdon types may be distinguished by agglutination 
and precipitin tests and there are some cross reactions between types. As 
yet, however, serological identification of CL welchii is not practical. Four 
biochemical types have been suggested®^ on the basis of differences in the 
fermentation of glycerol and inulin, but these fermentative differences do 
not appear to be correlated with other variable characteristics. 

Toxigenic bacilli closely resembling CL welchii and having immuno- 
logically related toxins have been isolated from lower animals. These are 
the lamb dysentery bacillus {Bacillus agni), a bacillus causing a disease of 
sheep called “struck” {Bacillus paludis), and a bacillus responsible for an 
enterotoxemia of sheep {Bacillus ovitoxicus). Wilsdon®^ has proposed that 
these be designated CL welchii but that four types be distinguished: CL 
welchii Type A — the gaseous-gangrene bacillus; CL welchii Type B — the 
lamb-dysentery bacillus; CL welchii Type C — the “struck” bacillus; and 
CL welchii Type D — the bacillus of enterotoxemia of sheep. Unless other- 
wise indicated, however, the name CL welchii always refers to the gas- 
gangrene bacillus, or Type A, 

It has been shown that, as a group, these bacilli form seven immuno- 
logically distinct toxins and that the observed interrelationships of the 
toxins formed by the various types are attributable to the sharing of one 
or more of these components.®® The effects produced by these toxins are 
as follows: 

The a toxin is hemolytic, lethal to mice on intravenous injection, and produces necro- 
sis on intradermal injection into guinea pigs and rabbits. Termed by Wilsdon the W 
factor and designated by some workers as the r toxin. 

The toxin is not hemolytic, mice injected intravenously develop spasmodic twitch- 
ings and die almost immediately, and it produces skin necrosis in guinea pigs and rabbits. 
Termed by Wilsdon the Z factor. 

The T toxin is not hemolytic, does not produce skin necrosis in guinea pigs, and is 
lethal to mice. 

The 5 toxin is hemolytic but is not lethal to mice and does not produce skin necrosis. 

The € toxin is not hemolytic, but produces skin necrosis in guinea pigs and rabbits 
and is lethal to mice. Termed by Wilsdon the X factor. 

The 6 toxin is hemolytic and lethal and probably produces necrosis in high concen- 
trations. It is oxygen-labile and thermolabile and very similar in properties and immu- 
nological specificity, though not identical with, streptolysin O. It is the same as Prigge’s 
toxin. ^ 

The 7j toxin has lethal activity only. It has been found in only one strain (Lechien) 
of Type A as yet examined and its occurrence or absence in the other types is not defi- 
nitely established. 

Henderson: Jour. Hyg., 1940, 40:501. 

“ Rodwell: Australian Vet. Jour., 1941, 47:58. 

^ Simonds: Jour. Inf. Dis., 1915, 35; Henry: Jour. Path. Bact., 1917, :24:344. 

Wilsdon: Inst. Animal Path., Cambridge; 2nd report of the Director, 1931, p. 53. 

“ See the review by Oakley: Bull. Hyg., 1943, 4^:781. 
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The optimal conditions of pH, incubation time and composition of the 
medium differ from one toxin to another, and a type producing more than 
one toxin will produce only those for which the conditions are optimal. 
The distribution among the Wilsdon types of the ability to form these 
toxins is indicated in the accompanying table. The terminology of the 
toxins has been somewhat confused owing to differences in those used by 
various workers; that used here has been generally agreed upon.®’’ 

Of these the a toxin has been of greatest interest. It was observed inde- 
pendently by Nagler^ and by Seiffert^® that an opalescence is produced in 
human serum by the addition of filtrate containing the a toxin. This is 
known as the Nagler reaction. On the assumption that the opalescence is 
a result of splitting lipoprotein, it was shown by Macfarlane, Oakley and 
Anderson®® that incubation of such filtrate with a saline extract of egg yolk, 
“lecithovitellin,” resulted in the separation of a curd of fat. It was then 
shown by Macfarlane and Knight®^ that an enzymatic splitting of free 
lecithin into phosphocholine and stearyloleylglyceride occurs, and the toxin 
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appears to be a lecithinase. Since phosphocholine is water soluble, it has 
been suggested that the a toxin may be estimated by measurement of the 
liberation of soluble phosphorus under standard conditions. 

There appears to be no simple method of typing CL welchii and the pres- 
ence or absence of the various toxins must be demonstrated. The different^ 
ation of the toxins suggested by Wilsdon®^ is relatively simple but too crude 
for most purposes. A precise method of determining the toxic components 
of a filtrate using monospecific antisera is outlined by Oakley.®® 

Path-ogenicity for Man- — CL welchii is, perhaps, the most important 
cause of gaseous gangrene and is found either alone or mixed with other 
anaerobes in the majority of cases of this disease. Tissue injury is a usual, 

Stewart: Pixb. Health Repts., 1940, 55:753— 775. 

67 Cf. Nature, 1942, p. 56. 

68 Nagler: Brit. Jour. Exp. Path., 1939, 20:473. 

68 Seiffert: Ztschr. f. Immimitatsf . , 1939, 96:515. 

6® Macfarlane, OaMey and Anderson: Jour. Path. Bact., 1941, 52:99. 

6^ Macfarlane and Knight: Biochem. Jour., 1941, 55:882. 
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perhaps essential, preliminary to infection, but once the bacilli are estab- 
lished they invade the surrounding tissue rapidly. They apparently travel 
along the interstitial tissue of the muscle and are often found beyond the 
gangrenous area. The large amount of hyaluronidase produced undoubtedly 
facilitates the spread of the infection. 

Although most commonly found in gangrene, CL welchii has also been 
observed in closed abscesses in uterine infections, and in infections of the 
gastro-intestinal, genito-urinary, and biliary tracts. It has been isolated 
from the blood during life, but septicemia in man is much less common than 
in experimental animals, although blood invasion occurs frequently in 
man during the agonal period or immediately following death. Study of 
the “foamy organs” sometimes observed at autopsy has shown that the 
presence of gas in the internal organs shortly after death is often attribu- 
table to an invasion by this microorganism. 

CL welchii is a normal inhabitant of the human intestine and is con- 
stantly present in small numbers; in fact, it has been used to a certain extent 
in Europe as an indicator of fecal pollution of water (p. 223). The toxemia 
of acute intestinal obstruction has been attributed by some to the prolifera- 
tion of CL welchii in the bowel followed by absorption of formed toxin, but 
it is now clear that such a relationship does not exist. This bacterium is, 
however, found with some frequency in gangrenous appendicitis and it has 
been reported®^ that antitoxin is of value in the treatment of perforative 
appendicitis. 

Since infection with CL welchii is frequently characterized by gross blood 
destruction, jaundice and anemia, a possible relationship between this 
bacterium and various anemias has been of some interest. A pernicious and 
fatal anemia may be produced in experimental animals by intratibial inocu- 
lation of culture®^ or a temporary but severe anemia by inoculation of fil- 
trate. Both natural and experimental infections, therefore, lead to the 
development of a severe anemia which is probably due to the continuous 
release of the hemolytic toxin. 

Pathogenicity for Animals. — Natural infections in lower animals with 
CL welchii types have been referred to above. The occurrence of the gas- 
gangrene bacillus, however, is rare; local abscesses have been observed in 
dogs and rabbits following injury. Experimentally certain strains are 
pathogenic for guinea pigs, pigeons and mice, less so for rabbits. If a rabbit 
or guinea pig is killed a few minutes after intravenous injection of Cl 
welchii and the body incubated at 37° C., gas is produced in a few hours 
through the body and the phenomenon of “foamy liver” reproduced. This 
phenomenon is not strictly specific for CL welchii; it may be produced by 
similar inoculations with several other anaerobes, though the results are 
less striking. 

The classic welchii toxin, the a toxin, is not a powerful one; the MLD 
for a mouse is usually about 0.25 cc. of liquid culture. Antitoxins may be 
produced, however, which have both prophylactic and therapeutic value, 

Bower, Mengel and Paxon: Jour. Immunol., 1938, 54:185 
ssTorrey and Kahn: Amer. Jour. Path., 1928, 4:621; Fellinger and Pfleger: Ztschr. f. 
gesamt. exp. Med., 1935, 96:121. 
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Clostridium Novyi 

and welchii is included in polyvalent antitoxic sera for gas gangrene. Anti- 
toxin to the a toxin appears to be far more important than that to the 6 
toxin.®^ It may be noted that it is difficult to develop agglutinins for CL 
welchii and an antibacterial immunity does not protect against infection. 

3. Clostridium Novyi (Clostridium Oedematiens) 

The third important anaerobe in gaseous gangrene was probably first 
discovered by Novy®® in 1894 in a study of ‘‘malignant edema” in guinea 
pigs, and was designated ^'Bacillus oedematis maligni Nr. //.” It was named 
Bacillus novyi by Migula in 1900. In 1915 Weinberg and S%uin isolated 
several strains of this bacfilus, but first regarded it as a new species and 
named it Bacillus oedematiens. The French name has been used by European 
workers although the bacillus is properly known as Clostridium novyi. 



Fig. 122 . — Clostridium novyi from pure culture. The slight tendency to curvature is 
apparent in some of the vegetative cells. Note the sub terminal spores and the absence 
of free spores in large numbers. Fuchsin; X 1050. 

CL novyi is noteworthy not only for its importance in gaseous gangrene, 
but also because of its strong, soluble exotoxin, which compares in potency 
with the toxin of the diphtheria and tetanus bacilli, and for which an 
equally powerful antitoxin can be produced. 

Morphology. — Novy’s bacillus is a large, relatively thick rod, 2.5 to 
10 yL in length and 0.8 to 1 g in breadth, and occurs singly and in chains. In 
cultures navicular and curved forms are found; in animal transudates the 
shorter form predominates. Its numerous spiral flagella, which often be- 
come tangled in “bouquets,” have been emphasized in nearly all the pub- 
lished descriptions. The rod is non-motile under ordinary conditions of 
examination, for movement is markedly inhibited in the presence of air. 
Subterminal spores are produced but sparsely as a rule and best in non- 
fermentable media. The bacillus is gram-positive. 

Evans: Brit. Jour. Ekp. Path., 1943, 24:81. 

“ Novy: Ztschr. f. Hyg., 1894, f7:209. 
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Young colonies in deep dextrose agar have a yellowish, opaque, irregular 
center surrounded by a delicate corona of short filaments. Later the colony 
clears, the center becomes cloudy, and is surrounded in forty-eight hours 
with a corona of tangled filaments. Surface colonies are extremely delicate, 
flattened, transparent, bluish gray, with irregular contours, and there is 
slight hemolysis on blood agar. 

Physiology. — CL novyi is a strict anaerobe, and grows well at 37° C. in 
ordinary media and especially abundantly in the presence of a fermentable 
sugar. Meat and brain are not darkened; the former may be turned slightly 
pink or bleached. Gelatin is Hquefied, but coagulated serum and egg are not 
digested. McLeod and Gordon®® have reported that CL novyi may be dis- 
tinguished from the other sporulating anaerobes by culture on blood agar 
containing bemzidine; the colonies are blackened due to the presence of 
hydrogen peroxide. Nitrates are not reduced and indol is not formed, but 
hydrogen sulfide is produced. Acid is produced very slowly in litmus milk; 
after ten to thirty days’ incubation a fine flocculent clot appears which is 
not digested. Dextrose is fermented but lactose is not; the latter property 
serves to differentiate CL novyi from CL septicum and CL chauvei. There is 
not complete agreement as to the other fermentation reactions. 

Pathogenicity for Man. — The relatively frequent occurrence of CL 
novyi in gas gangrene has been noted earher. The disease is characteristi- 
cally a toxemia, although septicemia is not rare. Like CL welchii, Novy’a 
bacillus is often a terminal invader. In pure infections there is less tissue 
destruction than with CL welchii or CL septicum. The postmortem findings 
consist mainly in a massive localized edema, with neither the extensive gas 
production of the former nor the sanguineous necrosis of the latter. 

Pathogenicity for Animals. — Natural infections due to CL novyi have 
been observed in guinea pigs, cattle, horses and hogs. Guinea pigs, rabbits, 
rats, mice, cats, sheep, horses and pigeons are susceptible to small doses of 
culture. Subcutaneous, intramuscular and intravenous inoculations repro- 
duce the disease experimentally. Toxicity and pathogenicity are easily lost, 
however; Novy’s original strain, which still survives in several laboratories, 
has long since failed to kill experimental animals. This is true also of strains 
isolated within five to ten years. 

The action of the toxin freed from bacteria is very similar to that of 
whole cultures. Suhlethal, subcutaneous doses of toxin or culture produce 
a peculiar non-hemorrhagic, gelatinous local edema which reaches its 
maximum in two or three days. It may be followed by small, superficial 
hemorrhages, after which it is slowly absorbed, leaving a slightly sclerotic 
scar. Such lesions appear not to form open phlegmons, as in the case of CL 
welchii cultures, and may also be contrasted with those of the vibrion 
septique and Cl. chauvei, which, if they appear at all, are always fatal. 
Washed cultures are harmless. 

Antitoxin has been produced in rabbits, sheep and horses by successively 
increased doses of toxic filtrates. The antitoxin has prophylactic and, to 
some extent, therapeutic value under experimental conditions, and is now 
represented in several polyvalent American sera for anaerobic infections. 

McLeod and Gordon: Jour. Path. Bact., 1940, 50:167. 
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Agglutinating antisera have been produced in rabbits, but are active far 
homologous strains only it may be noted that spontaneous agglutination 
frequently occurs with this microorganism. 

4, Clostridium Histolyticum 

Among the new species of bacteria discovered by Weinberg and Seguin 
in war wounds, none is of more interest than CL histolyticum, so named 
because of its remarkable liquefying action upon living tissues. It may be 
somewhat more co mm on in gaseous gangrene than indicated earlier. It has 
also been recovered from soil and human feces in California,®® and from 5 
out of 6 African poisoned arrows examined.®^ 

Morphology . — CL histolyticum is a gram-positive motile rod, 3 to 5 /x 
long and 0.5 to 0.7 /x wide, that forms subterminal clostridial spores. In 
smears from lesions it appears generally in the form of single or paired short 
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Fig. 123 . — Clostridium histolyticum from pure culture. Note the characteristic short 
rods with rounded ends and the clostridial subterminal spores. Fuchsin; X 1050. 

rods with rounded ends. The flagella, often more than 20 in number, are 
peritrichal. Deep agar colonies veny, according to the consistency of the 
medium, from compact lobulate globules in 2 per cent agar to fluffy semi- 
transparent or even cottony balls in lower concentrations. Surface colonies 
£tre minute, round dewdrops and are hemolytic on blood agar. 

Physiology. — Originally described as an obligate anaerobe, CL his- 
tolyticum is capable of a delicate transparent growth upon the surface of 
meat infusion agar and is perhaps best regarded as microaerophilic or as a 
facultative anaerobe. 

This bacillus is actively proteolytic; not only is gelatin liquefied but meat 
and brain and coagulated serum and egg are digested. In older cultures a 
precipitate of tyrosine crystals appears. Nitrates are not reduced and indol 

See, however. Turner and Eales: Australian Jour, Exp. Biol. Med. Sci., 1943, 2i:79. 

68 Peterson and Hall: Proc. Soc. Exp. Biol. Med., 1923, 29:502; HaU: ibid., 1923, 
2f.*198. 

68 Hall and Whitehead: Jour. Inf. Dis., 1927, 4i:51. 
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is not formed. No carbohydrates are known to be fermented in spite of 
statements to the contrary regarding dextrose. The action on milk is slow, 
but after several days a soft clot is usually formed and then slowly digested. 
Cl. hisiolyticum is, clearly, a proteolytic type. 

Pathogenicity. — Infection with CL hisiolyticum alone is probably a rare 
occurrence; mixed cultures with other anaerobes and aerobes appear to be 
the rule both in war wounds and in infections observed in horses. Most pure 
cultures of this bacillus are pathogenic under experimental conditions for 
rabbits, guinea pigs, mice and rats, but there is considerable difference 
between strains. Subcutaneous inoculation of 1 or 2 cc. of a twenty-four- 
hour broth culture generally produces a local tumefaction followed in 
twenty-four to forty-eight hours by complete sloughing of the overlying 
skin; then, as a rule, healing slowly occurs. Intramuscular inoculation causes 
swelling, followed by progressive myolysis. If the gluteus muscle of a guinea 
pig is selected for the inoculation, it may be entirely denuded from the bone 
within twenty-four to forty-eight hours. The tissues literally drip away, 
and in some cases the limb may be disarticulated. Curiously there is often 
little or no intoxication of the animal, but death usually follows through 
peritonitis due to perforation of the peritoneum. There is occasionally 
invasion of the blood stream, but generally septicemia does not occur. 
There is never any gas formation in such pure infections. 

Bacteria-free filtrates have a lytic action which can be demonstrated if 
sufficiently large quantities (5 cc.) are injected. The most characteristic 
effect is the formation of a sterile hematoma filled with uncoagulated blood 
in which the red corpuscles are stiU intact. According to Pasternack and 
Bengtson’’^^ deep intramuscular inoculation produces an edema which dis- 
organizes and separates the tissue, while gross lesions are observed only 
occasionally following intravenous inoculation. Agglutinating and antitoxic 
sera have been produced. 

5. Clostridium Sporogenes 

Clostridium sporogenes, which in pure culture is a harmless saprophyte, 
is included here because it is frequently associated with the pathogenic 
anaerobes in mixed gangrenous infections, very possibly because it is so 
widely distributed in nature. It has frequently been confused with the 
pathogenic forms; not only have cultures labeled something else proved to 
be sporogenes, but there has been a tendency to regard “atoxic variants” 
or “atoxic strains” of pathogens as CL sporogenes. On the other hand, the 
presence of “atoxic variants” of pathogenic species is in many cases attrib- 
utable to mixed cultures containing sporogenes . The spores of this micro- 
organism are unusually hardy and invariably survive with those of the 
pathogens or even after the pathogenic spore-formers are killed in pre- 
liminary selective heating. 

Morphology. — Cl.^ sporogenes is an actively motile, gram-positive, 
slender rod 3 to 7 g in length and 0.6 to 0.8 n in breadth, with rounded 
ends. The cells occur individually, in pairs, in short chains, and some- 
times in filaments. The spores are oval, eccentric to subterminal, and 
^0 Pasternack and Bengtson: Pub. Health Repts., 1940, 55:775. 
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swell the vegetative cell. The flagella are peritrichaL The deep agar col- 
onies have the appearance of woolly balls with a dense, compact center. 
Surface colonies on blood agar are hemolytic, transparent and usually 
rhizoid, or ameboid, with a slightly raised center; they appear moist and 
at first may resemble minute dewdrops. 

CL sporogenes requires strictly anaerobic conditions for growth and 
will grow upon all the ordinary media. It has been cultivated in synthetic 
solutions containing tryptophane, leucine, tyrosine, arginine and phenyl- 
alanine, together with an unknown substance termed ‘"sporogenes vita- 
min.”^^ Its optimum temperature is 37° C. hut it will grow at temperatures 
as high as 50° C. 

This bacillus is actively proteolytic; it produces blackening and diges- 
tion of brain and meat media, coagulated egg and serum. An excess of 
fermentable sugar delays or inhibits this proteolysis and the presence of 



Fig. 124 - — Clostridium sporogenes from pure culture. Note the close morphological 
resemblance of this species to the pathogenic forms. Fuchsin; X 1050. 

metallic iron or certain iron salts accelerates it. Tyrosine crystals are not 
obvious. Gelatin is liquefied and blackened, hydrogen sulfide is produced, 
but indol production is doubtful and nitrates are not reduced to nitrites, 
Reports on sugar fermentations are conflicting. According to Bergey (1939). 
acid and gas are formed from dextrose, levulose, galactose and maltose, 
while lactose, sucrose, salicin and inulin are not fermented. Growth on 
mflk is at first slow; in forty-eight to seventy-two hours a clot is formed 
and progressive liquefaction occurs with abundant gas and acid formation 
until the casein is completely peptonized. 

Pathiogeixicity, — There is no authentic record of a natural infection 
attributable to CL sporogenes alone. It has been claimed that this bacillus 
is a factor in certain intestinal disorders, but its frequent occurrence in 
the intestinal tract of healthy men and animals is not in accord with this 
supposition. 

Fildes and Richardson: Brit. Jour, Ejqp. Path., 1935, ^d:326. 
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In animal experiments relatively large doses are required to produce 
lesions; less than 5 cc. of a young dextrose” broth culture injected sub- 
cutaneously in guinea pigs, which are the most susceptible experimental 
animals, usually results in only a local manifestation. In a few hours the 
immediately overlying hair loosens, the skin becomes gangrenous and 
raised slightly over an area of subcutaneous tissue digestion in which a 
small amount of gas appears. Such animals usually show no systemic in- 
volvement and the lesion heals in a few days, leaving a necrotic scar which 
heals slowly. The reaction to intramuscular injection is only slightly more 
severe. 

The most obviously important of the pathogenic manifestations of 
CL sporogenes (and probably of other putrefactive anaerobes) is that of 
a mutual acceleration in metabohsm which occurs during growth with 
the more definitely pathogenic anaerobes, especially CL welchii, CL sep- 
ticum and CL novyi. While the presence of various aerobes is in some degree 
stimulating to the growth of obhgate anaerobes (due partly, as Pasteur 
suggested, to the absorption of oxygen, but also to other unknown factors) 
the presence of putrefactive anaerobes, greatly enhances the pathogenicity 
of the non-putrefactive pathogens. The proteolytic forms supply protein- 
spht products which the fermentative types are unable to elaborate so 
rapidly. It may be noted that, while an admixture of a proteolytic culture 
reduces the minimum fatal dose of a non-proteolytic anaerobe experi- 
mentally, the admixture of sporogenes filtrate with toxic filtrates of CL 
welchii or CL novyi has no such action; there may, in fact, be a diminution 
of toxicity. 

BLACKLEG (CLOSTRIDIUM CHAUVEI) 

Blackleg, also known as quarter evil and symptomatic anthrax (not to 
be confused with anthrax. Chapter 27), is an important, widespread, 
acute disease affecting cattle. It occurs wherever cattle are kept and is. 
prevalent throughout the United States with the possible exception of 
the Southern Atlantic and Eastern Gulf States. The name blackleg, like 
gaseous gangrene, has been applied to affections due to various anae- 
robes; in some instances CL septicum or, rarely, CL novyi is found, but 
the principal cause is CL chauvei. Just as CL welchii (Type A) is not in- 
volved in natural infections of lower animals, so CL chauvei has never been 
shown to be responsible for any human infection. 

Although the bacilli had been earlier observed and the disease trans- 
mitted by the injection of the serous fluid from an infected animal into 
a healthy animal, CL chauvei was cultivated and its causal relation to 
blackleg established by Arloing, Cornevin and Thomas'^^ 1887. 

Morphology. — CL chauvei is a gram-positive, motile, sporulating rod. 
The size is variable, ranging from 3 to 8 ^ in length and about 1 ju in 
breadth. The cells occur singly as a rule; in contrast with CL septicum^ 
there is little tendency to form chains or filaments. The spores are sub- 
terrninal and oval, swelling the vegetative cell in which they occur. Spor- 
ulation is often preceded by a marked swelling of the vegetative cel], 

Arloing, Cornevin and Thomas: Le Charbon Symptomatique du Boeixf. Paris. 1887 . 
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Deep agar colonies are minute, compact and downy. On the surface of 
blood agar well separated colonies are flat, round or leaf-like, and hemolytic. 

Physiology. — This bacillus is a strict anaerobe and, like CL sporogenes, 
grows at temperatures as high as 50*" C., though the optimum is 37° C. 
It will grow on the usual laboratory media but is best cultivated in meat 
or brain medium. These are never discolored nor digested by pure cultures, 
but they may be slightly softened. Gelatin is liquefied, but coagulated 
serum and egg are not. Hydrogen sulfide is produced, but indol is not 
formed and nitrates are not reduced to nitrites. Dextrose, levulose, galac- 
tose, maltose, sucrose and lactose are fermented with the formation of 
acid and gas; inulin, sahcin, mannitol, dulcitol and glycerol are not fer- 
mented. It may be noted again that this microorganism may be differen- 
tiated from the closely related CL septicum on the basis of the sucrose and 
salicin fermentation. Litmus-milk cultures become acid and the casein is 
precipitated, but peptonization does not occur. 



Fig. 125 . — Clostridium chauvei from pure culture. Subterminal oval spores are apparent; 
note the swollen pre-sporulating cell on the far right. Fuchsin; X 1050. 


Pathogenicity. — Natmal infections due to CL chauvei occur prin- 
cipally in cattle. There are still several obscure features in the epidemiology. 
The disease occurs at special seasons of the year, is connected with certain 
localities, and is said to show a distinct predilection for the best young 
stock. The portal of entry is uncertain; whether it enters by way of minute 
abrasions on the skin or through the gastro-intestinal mucosa is quite un- 
known. Experimentally, CL chauvei is pathogenic for cattle, sheep, goats, 
guinea pigs and mice; horses, asses, hogs, rabbits, rats and pigeons are 
somewhat refractory. 

The symptoms in animals consist in crepitant localized swellings, which 
in natural infections occur on the thighs, neck or shoulders- The animals 
become stupid, feverish and anorectic. Treatment is rarely successful, and 
sick animals usually die in one to two days. The mechanism of the disease 
is that of progressive bacteremia. A weak exotoxin is produced. 
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Immmiization. — A method of prophylactic inoculation which was 
devised by Arloing, Cornevin and Thomas^^ been widely used in active 
immunization. The Lyon^s vaccine, as distributed by the Bureau of Animal 
Industry of the United States Department of Agriculture,^^ is prepared 
as follows: The muscle tissue from a fresh blackleg tumor is pulverized 
in a mortar, extracted with water, and the extract dried at 35° C. The 
dry brown scale which results is suspended in water (2 parts), heated for 
six hours at 95° to 99° G., and injected in appropriate quantities as de- 
termined by test and specified on each package distributed. The dried 
material retains a high degree of activity for several years. Some com- 
mercial firms distribute this vaccine in the form of strings to be sewn into 
the flesh; others dispense the powdered vaccine in the form of pellets 
which are inoculated by means of a “pill gun.” In 1901-2 (July 1 to June 30) 
565,628 cattle were vaccinated in the United States. During the previous 
season 14,817 deaths had occurred; in a similar period after vaccination 
the number of deaths was only 2902. It should be noted that some of the 
commercial vaccines have been found to be seriously contaminated and 
lacking in -protective power.’'® 

Bacteria-free filtrates of edema fluid expressed from the flesh of guinea 
pigs dead of blackleg or of liquid cultures have been used as immunizing 
agents with promising results.'^® 

Agglutinating antisera may be prepared against CL chauvei, and this 
species appears to be immunologically homogeneous. 

CLOSTRIDIUM BOTULINUM 

The type of food poisoning termed botulism has been discussed else- 
where (p. 241) and need not be considered further here. In Germany 
botulism was first definitely observed in 1785 and was and is associated, 
though by no means exclusively, with the consumption of sausagefs; hence 
the not altogether appropriate name botulism (Lat., botulus^ sausage). The 
causative bacterium was isolated by van Ermengem^"^ in 1896 and named 
Bacillus botulinus. It is now known as Clostridium botulinum. 

Morphology.- — CL botulinum is a large, pleomorphic, gram-positive, 
motile, sporulating rod, 4 to 6 g in length and 0.9 to 1.2 /x in breadth. The 
cells occur singly, in pairs and in chains. There are 4 to 8 peritrichal flagella. 
The spores are subterminal and oval and distend the vegetative cells con- 
taining them. Spore formation is variable from strain to strain, some 
strains producing spores abundantly, others sparsely ; but in general spore 
formation is best in sugar-free media. 

Deep agar colonies are translucent, globular and diffuse, or flat and 
heart-shaped or disk-shaped, according to the consistency of the medium. 
Surface colonies are relatively large, 5 to 10 mm. in diameter, glistening, 

Referring to Lyons, France. 

Cf. Norgaard: IT. S. Dept. Agr., Bur. Animal Ind., Circular No, 31, 1907. 

Franklin and Haslam: Jour. Inf. Dis., 1916, f9:408; ibid., 1920, 26.*424. 

Cf. Goss: Fans. Agr. Station Circular, 1919, 75, p. 4. The preparation of 

culture filtrates is considered in detail by Reiser: Jour. Agr. Res., 1918, f 4:253. 

^Wan Ermengem: Centralbl. f. Bakt., 1896, f9:442; Ztschr. f. Hyg., 1897, 26:1. 
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translucent at the edges with a thicker brownish center, filamentous, and 
hemolytic on blood agar. 

Physiology . — CL hoiulinum may be grown on the usual laboratory 
media xmder strict anaerobic conditions; cultivation on synthetic solu- 
tions has indicated that the amino acids cystine, leucine, lysine, glycine 
and proline are required. Amino acids are decomposed by coupled oxi- 
dation-reduction reactions rather than by direct oxidation.’^® Brain, meat 
and coagulated protein media are blackened and digested, gelatin is lique- 
fied. Milk is peptonized. Hydrogen sulfide is produced, but nitrates are 
not reduced to nitrites and indol is not formed. Dextrose, levulose and 
maltose are fermented; the fermentation of other sugars is variable from 
strain to strain and type to type. The spores are highly resistant and with- 
stand boiling for thirty minutes to twenty-two hours, and autoclaving at 
120° C. for as long as twenty minutes. 



Fig. 126 . — Clostridium hotulinnm Type A from pure culture. Note the subterminal 
swollen spores and free unstained spores admixed with the vegetative cells. Fuchsin; 
X 1050. 


Irrespective of the presence of fermentable sugar, a potent soluble 
to xin is produced which resembles other soluble toxins in most respects. 
It is, however, unusually stable to heat; heating to 80° C. for thirty min- 
utes or boiling for ten minutes is required to destroy it. Botulinum toxin 
is unique in that it is not destroyed by the digestive enzymes of the gastro- 
intestinal tract and hence is effective when given by mouth. It is the most 
potent bacterial toxin known; the guinea-pig MLD may be as small as 
1 X 10“® cc. of broth culture. 

Types - — CL botulinum is subdivided into a number of types which 
differ from one another in that their toxins are immunologically different. 
The best known of these are Types A and B, which, in the past, have been 
regarded as solely responsible for human botulism. It is supposed that 
v£m Ermengem’s original culture, now no longer available, was Type B. 

Burrows: Jour. Inf. Dis., 1933, 52.T26. 

Clifton: Jour. Bact., 1940, 59.‘485. 
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Additional types have been described since the early 1920’s. A toxin- 
producing anaerobic bacillus isolated from fly larvae (the ingestion of 
which was associated with a paralytic disease of chickens) has been de- 
signated Type C.s® A closely related bacillus was isolated by Seddon^i 
from botulism of cattle in Australia which he designated Bacillus para- 
hotulinus. This bacillus is now designated CL hotulinum Type Cfi and the 
fly larvae bacillus CL hotulinum Type Ga. The toxins of these subtypes 
of Type C are related in that Ca antitoxin protects against both Ca and 
eg toxin, but C/3 antitoxin protects against C/3 toxin but not Ca toxin. 

A South African strain idrat described by Theiler and Robinson®^ desig- 
nated by them Clostridium parabotulinum equi, has been further studied 
by Meyer and Gunnison^ and given the name Clostridium hotulinum 
Type D, for its toxin is not neutralized by the antitoxins of Types A, B 
or C. Still another type, Clostridium hotulinum Type E, has been isolated®^ 
in Russia from fish consumption of which resulted in human botulism. The 
Type E toxin is not neutralized by antitoxins of the other four types. There 
appear to be some strain differences in the action of Type E toxins though 
complete cross neutralization occurs.^® Type E, it may be noted, has been 
found as a cause of human botulism in the United States.®® 

At present, then, there are 5 types of Clostridium hotulinum which differ 
from one another in the immunological specificity of their toxins. These 
types are immunologically heterogeneous, as indicated by agglutination 
tests, and are not biochemically or culturally distinguishable. As a group, 
however, they may be divided into two biochemical types, the one pro- 
teolytic (sometimes designated ovolytic but digesting proteins other than 
coagulated egg albumin), whose cultural characteristics have been de- 
scribed above, and the other saccharolytic or fermentative in character, 
whose members do not hydrolyze coagulated native proteins. The proteo- 
lytic group includes Type A and some strains of Type B (the majority 
of the American Type B strains are proteolytic, while a great many of 
the European Type B strains are not). The non-proteolytic group includes 
some strains of Type B, and, so far as is known, all strains of Types C, D 
and E. Bengtson®’^ has suggested that only the non-proteolytic varieties 
be designated CL hotulinum and that the proteolytic varieties be termed 
CL parahoiulinum (because van Ermengem’s original strain was non- 
proteolytic) — a suggestion that has been adopted in the Bergey classi- 
fication. It would appear undesirable, however, to designate practically 
aU of the bacilli causing human botulism in the United States as /‘para- 
botulinum.” 

80 Bengtson: Pub. Health Repts., 1923, 55:340. 

81 Seddon: Jour. Comp. Path, and Therap., 1922, 55:147, 275. 

82 Theiler and Robinson: Rev. Gen. de Med. Vet., 1927, 55:193. 

83 Meyer and Gunnison: Jour. Inf. Dis., 1929, 45:106. 

8^C/. Gunnison, Cu mmin gs and Meyer: Proc. Soc. Exp. Biol. Med., 1936, 55:278; 
Kushnir, Brun and Paikina: Ztschr. Microbiol. Epidemiol. Immunitatsf. CU.S.S.R.), 
1937, i9:80 (in English 85). 

8s Hazen: Proc. Sbc. Exp. Biol. Med., 1942, 50:112. 

86Hazen: Science, 1938, 57:413; Geiger: Jour. Amer. Med. Assn., 1941, U7:22. 

87 Bengtson: U. S. Pub. Health Ser, Hyg. Lab. BuU. No. 136, 1924. 



Clostridium Botulinum 


539 


Pathogenicity for Man. — Human botulism is invariably the result of 
eating preserved foods in which the bacillus has grown and produced 
toxin. In Europe most cases have been due to the consumption of various 
kinds of preserved meats, such as sausage, ham, potted goose or duck 
and the like, while in the United States the incriminated foods have been 
canned vegetables for the most part. There are surprisingly few cases of 
botulism in this country in view of the ubiquitous distribution of CL hot- 
ulinum spores in the soil — ^Type A has been found most commonly in 
the Rocky Moimtain and Pacific Coast states, while Type B predominates 
in the Mississippi Valley, Great Lakes region, and Atlantic Coast states. 
Type A predo m i n ates in English soils, though Type B may be found also.^® 
From 1899 to 1935 there were 261 reported cases of botulism in the United 
States, the greatest numbers in any one year being 23 in 1922 and 22 
in 1935. Over that period of time 101 cases were reported from California, 
by far the greatest number in any single state. 


TYPES OF CLOSTRIDIUM BOTULINUM 


Type 

( 

j Synonym 

Biochemical 

Character 

Disease 

Antitoxin 

A 


Proteolytic 

Botulism of man, lim- 
bemeck of chickens 

Specific 

B i 

1 

Some strains 

proteolytic 

Botulism of man, lim- 
berneck of chickens 

1 

Specific 

Ca 

Fly larvae bacillus 

1 

N on-proteolytic 

Paralytic disease of 
chickens, botulism of 
wild ducks 

Neutralizes 
C/S toxin 

C/3 

CL parahotulinum 

i 

Non-proteolytic 

Forage poisoning of 
cattle (Australia) 

Specific 

D 

CL parahotulinum equi 

\ 

1 

1 Non-proteolytic 

Lamziekte of cattle 
(Africa) 

Specific 

E 


Non-proteolytic 

Botulism of man 

Specific 


As in the case of the other sporulating anaerobes, the disease produced 
by CL hotulinum is an intoxication; in botulism, in fact, there is no invasion 
of the tissues and the toxin is preformed outside the body. Even under 
experimental conditions in which massive doses of spores have been in- 
jected, it is probable that no infection has been set up. 

Until the recent reports of the occurrence of Type E, Types A and B 
were the only types of CL hotulinum involved in human botulism. The 
pharmacological activities of these toxins are substantially identical; the 
effect appears, in the main, to be exerted on the peripheral nerve endings, 
possibly those of the autonomic system, and paralysis of the motor nerve- 

Meyer and Dul)ovsky: Jour. Inf. Dis., 1922, 3f:559. 

89 Haines: Jour. Hyg., 1942, 42:323. 

99 Meyer: Calif, and Western Med., 1936, 44:No. 5. 
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end plates in the striated muscles and the diaphragm results. Whether 
there are pathological changes in the ner-ve cells of the central nervous 
system, such as degeneration of the Nissl bodies, is uncertain. The symp- 
toms include vomiting, constipation, ocular paresis and pharyngeal pa- 
ralysis. Death may occur within a day of the onset of symptoms or may 
be delayed for as long as a week. At autopsy the liver, kidneys and men- 
inges are congested and there may he thrombosis. The case fatality is 
variable; in the United States it has been 60 to 70 per cent, but in Germany 
it is much lower, perhaps 25 per cent. 

Pathogenicity for Lower Animals. — Associated with human cases of 
botulism there have been numerous outbreaks of limberneck, a paralytic 
disease, among fowls fed the toxin-containing food. Other forms of botulism 
in lower animals occur under natural conditions, however. CL hotulinum 
Types G and D appear to be associated exclusively with the disease in 
lower animals. Certain forms of forage poisoning in cattle and horses in 
Australia are botulism,®^ but whether the bacilli grow and form toxin in 
the fodder or whether the disease results from the ingestion of rabbit car- 
rion is not entirely clear. The South African disease of cattle, lamziekte,®^ is 
botulism resulting from the ingestion of contaminated carrion. In the 
United States botulism of wild ducks and other waterfowl due to Type Ca 
is prevalent and causes the death of thousands of ducks each year.®^ The 
source of the toxin ingested by these fowl is uncertain. 

Experimentally rabbits, guinea pigs, mice, monkeys, cats and dogs are 
susceptible to toxin administered parenterally or per os. The symptoms 
are similar to those of naturally infected animals and of man, and the 
postmortem findings are much the same. Experimental animals vary widely 
in their susceptibility to the toxins of the various types of CL hotulinum. 

Immunity. — Botulinum toxin is an excellent antigen and high-titer 
antitoxic sera may be produced. Under experimental conditions these 
antitoxins have marked prophylactic value, but their therapeutic efficacy 
is slight. It may he pointed out that in botulism, as in tetanus, the symp- 
toms are a consequence of the injury to the nerve tissue and the adminis- 
tration of antitoxin serves only to neutralize circulating toxin. The almost 
complete lack of therapeutic effect of hotulinum antitoxin in human botu- 
lism is undoubtedly attributable to the inevitable too-late administration. 

Animals may be actively immunized against botulism by the inoculation 
of formol toxoid. In Austraha botulism of sheep and cattle has assumed 
sufficient proportions to justify such active immunization, and it has been 
applied on a small scale. 

DIFFERENTIATION OF THE SPORULATING ANAEROBES 

In many respects the isolation and identification of the sporulating 
anaerobic bacilli is somewhat more difficult than in the case of the aerobic 
and facultatively anaerobic bacteria. Primary cultures may be inoculated 
into deep brain medium and, after incubation, examined for spores, heated 

C/. Gunnison and Coleman: Jour. Inf. Dis., 1932, 51:542. See also Kalmbach: 
U. S. Dept. Agr., Bur. Biol. Surv. Wildlife Res. and Manag. Leaf!. BS-120. 1938. 

32 C/. Bennetts and Hall: Australian Vet. Jour., 1938, 14:105. 
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to 80° C. for ten minutes, then subcultured. Representative colonies may 
be picked from shake cultures or from the surface of plates incubated 
either in an anaerobic jar or in the Spray dish, A procedure for the rapid 
identification of the anaerobes associated with gaseous gangrene has been 
given in some detail by Reed and Orr.^^ 

Spray®^ has divided these bacilli into main groups on the basis of re- 
action in iron milk®® and has developed a key for their further differentia- 
tion and identification on the basis of morphology, physiology and patho- 
genicity. Of no small practical utility, his key is outlined below in an 
abridged form: the original paper should be consulted for details concerning 
other anaerobic species and the preparation of the media. 

SPRAY’S KEY TO THE SPORULATING ANAEROBES 

I. Iron milk: active gaseous fermentation, early coagulation (12-48 hours), no diges- 
tion of clot, no blackening. 

Lead acetate: strongly blackened. 

Nitrite -f-, indol gelatin +, motility — . 

Glucose lactose 4-, sucrose +, salicin — . 

Spores ovoid, central-excentric, not swelling rod, infrequently observed and not 
in fermentable sugars. 

Clostridium welchii 

II. Iron milk: inactive gaseous fermentation, late coagulation at 4f-6 days, no digestion 
of clot, no blackening. 

Lead acetate: no blackening, no browning. 

Nitrite -i-, indol — , gelatin -1-, motility 
Glucose +, lactose -f-, sucrose — , salicin -j-. 

Spores ovoid, abxmdant, excentric-subterminal, swelling rod. 

Clostridium sepiicum 

III. Iron milk: inactive gaseous fermentation (long continued), late, if any, coagulation 
(10-20-30 days or not even at 60 days), no digestion, no blackening. 

A. Lead acetate: strongly blackened. 

1- Lactose — . 

Nitrite — , indol —, gelatin 4-, motility 4-- 
Glucose 4-, sucrose — , salicin — . 

Spores ovoid, not abundant, excentric-subterminal, swelling rod. 

Clostridium novyi 

2. Lactose -f . 

Nitrite -1-, indol gelatin 4“, motility -h. 

Glucose -1-, sucrose salicin — . 

Spores ovoid, abundant, excentric-subterininal, swelling rod. 

Clostridium chauvei 

B. Lead acetate: no blackening, no browning. 

Nitrite — , indol — , gelatin 4-, motility -f. 

Glucose -f, lactose — , sucrose — , salicin — . 

Spores ovoid, not abxmdant, terminal, slightly swelling rod. 

Clostridium botulinum C 


^^Reed and Orr: Proc. Soc. Elxp. Biol. Med., 1941, 45:535; War Med., 1941, 1:493. 
Spray: Jour. Bact., 1936, 52:135. 

Fresh whole milk is sterilized in deep tiibes, each of which contains a 50 X 7 mm. 
piece of No. 26 gauge black stove-pipe iron. 
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IV. Iron milk: inactive gaseous fermentation, more or less rapid digestion (with or with- 
out previous clotting), strongly blackened early (48 hours) or late (8-9 days), 
A. Lead acetate: strongly and rapidly blackened (24-48 hours). 

1. Salicin +. 

Nitrite — , indol gelatin +» motility +. 

Glucose +, lactose — , sucrose — . 

Spores ovoid, not usually abundant, exoentric-subterminal, swelling 
rod. (Iron milk softly coagulated (2-5 days), first blackened (5-7 
days), clot slowly digested (10-20 days).) 

Differentiated by antitoxin. 

Clostridium botulinum A and B 


2. Salicin — . 

a. Indol — . 

Nitrite — , gelatin +, motility +. 

Glucose lactose — , sucrose 

Spores ovoid, abundant, excentric-subterminal, swelling rod. 
(Iron milk not coagulated, translucent then flocculent precipitate, 
rapidly blackened (24!-48 hours), rapidly digested (8-10 
days).) 

(1) Tyrosine crystals not observed. 

Clostridium sporogenes 

(2) Tyrosine crystals in old cultures. 

Clostridium tyrosinogenes 

b. Indol +. 

Nitrite — , gelatin +, motility +. 

Glucose 4-, lactose — , sucrose — , salicin =fc. 

Spores ovoid, abundant, central-excentric, not markedly if at all 
swelling rod. 

(1) Pathogenic. 

Clostridium sordellii 


(2) Non-pathogenic- 

Clostridium hifermentens 
(Clostridium centrosporogenes) 

B. Lead acetate: no blackening, no browning. 

Nitrite indol gelatin -h, motility 
(Wine-red color in iron gelatin (24-48 hours).) 

Glucose — , lactose — , sucrose — , salicin --. 

Microaerophilic. 

Spores ovoid, abundant, excentric-subterminal, swelling rod. 

Clostridium histolyticam 


V, Iron milk: no gaseous fermentation, no digestion, no blackening, coagulation late if 
any (15-20 days or more) . 

Lead acetate: not blackened, but showing smoky browning at 24-48 hours, not 
measurably increased on incubation. 

Nitrite — , indol =i=, gelatin +, motility -f. 

Glucose — , lactose — , sucrose — , salicin — . 

Spores spherical, not abundant, terminal, swelling rod. 

A. Toxic. 


B. Non-toxic. 


Clostridium tetani 
Clostridium putrificum 
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THE GLANDERS BACILLUS 


Family: Parvobacieriaceae, Tribe: Pasteurelleae. Genus: Malleomyces^ Small, slender, 
gram-negative rods, sometimes developing into branched filaments. Non-motile, non- 
spore-forming. Growth on culture media slow. Carbohydrates attacked feebly if at all. 
Type species: Malleomyces mallei. 

Glanders is a disease seen, as a rule, only in the solipeds (horse, mule, 
ass), but is occasionally transmitted to other domestic animals, to wild 
animals and to man. Early regarded by many as a spontaneous, non-infec- 
tious affection, the transmissibility of glanders was demonstrated in 1837 
by Rayer,^ who infected a horse by inoculating it with material from a case 
of glanders in a human subject. The causative bacillus was discovered in 
1882 by Lbffler and Schutz,^ whose work was soon confirmed and extended 
by Kitt,^ Weichselbaum^ and others. 

Morphology and Staining. — The glanders bacillus is a small rod, 
straight or slightly curved, usually with rounded ends, and often of irregular 
contour. Rather wide variations in size are observed; the average length 
may be taken as 2 to 5 ^ and the average breadth 0.5 to 1 At. It is often com- 
pared to the tubercle bacillus but is usually foxmd to be somewhat broader. 
In culture the bacilli tend to be shorter and more uniform in size than those 
observed in pus smears. In pus they are sometimes found within the leuco- 
cytes but more often occur free. There is no special girrangement in such 
smears, but in culture the bacilli may occur in pairs and, in older cultures, 
produce filaments with swollen ends in which true branching may be ob- 
served. The bacilli are non-motile, non-encapsulated, and do not form 
spores. 

Colonies on agar are small, round, convex and amorphous in consistency. 
They are translucent and yellowish in color and upon aging (eight to ten 
days) become more opaq[ue and the center may become light brown. The 
growth on potato usually exhibits a characteristic appearance ; clear, amber, 
honey-like colonies appear which may coalesce, and frequently the potato 
around the growth becomes tinged a greenish yellow, not unlike the dis- 
coloration produced by Ps. pyocyanea. On horse-blood agar the colonies are 
grayish green with brovraing of the medium but no hemolysis. 

The glanders bacillus stains with the ordinary aqueous aniline dyes, 
though not very readily. Best results are obtained with stains containing 
alkali, or a mordant such as phenol (LbfiBier’s alkaline methylene blue, 
Ziehl’s carbol fuchsin). The bacilli are not acid-fast and are gram-negative. 

1 Rayer: Mem. Acad. Med., Paris, 1837, 6:62S. 

® Ijoffler and Schtitz: Dent. med. Wchnsclir., 1883, 9:1,97. 

3 Eitt: Munch- Tierarztneue-Sch. Jahresbericht, 1883-84. 

* Weichselbaum: Wien. med. Wchnschr., 1885, 35:66S. 
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Cells from young cultures take the stain fairly uniformly, but those in older 
cultures stain irregularly, with a tendency to bipolar staining. Granules and 
coccus-like bodies within the cell take the stain somewhat more readily, and 
the bacilli not infrequently have a beaded appearance in stained prepara- 
tions. Worley and Young® have shown that this irregular staining is due 
to the presence of lipid granules which do not stain with the usual dyes 
but may be demonstrated with Sudan black B or iodine-fuchsin. 

Physiology. — Growth occurs on ordinary nutrient media but is poor and 
slow on primary isolation. Forty-eight hours’ incubation is generally neces- 
sary for the appearance on semisolid media of colonies 0.5 to 1 mm. in 
diameter. Growth is materially enhanced by the presence of glycerol, but 
glucose is without effect. A sHghtly acid reaction is favorable and the opti- 
mum temperatxxre is 37° C., though growth may occur over the range from 
22° to 44° C. Growth on enriched media such as Loffier’s serum medium or 
horse-blood agar is not markedly better than on glycerol agar. 



Fig. 127 , — Bacillus mallei in pure culture. The generally poor staining is apparent, 
and bipolar staining may he observed in some of the cells. Methylene blue; X 1250. 


The glanders bacillus is quite inactive biochemically. With the exception 
of glucose, there is no action on the usual carbohydrates, and even the glu- 
cose fermentation is irregular and variable from strain to strain. Coagulated 
serum is not digested, but gelatin may be hquefied under appropriate cir- 
cumstances by some strains at least. At temperatures at which gelatin 
remains solid, growth is sparse and no liquefaction is observed, but if cul- 
tures are incubated at 37° C. for twenty-six to forty days, the gelatin does 
not solidify on cooling. Indol is not produced, and nitrates are not reduced 
to nitrites; small amounts of hydrogen sulfide may be formed. Slight acid 
production sometimes occurs in milk, with coagulation by the tenth day of 
incubation and decolorization of the indicator in the lower part of the tube. 

The bacillus is but slightly resistant to adverse physical and chemical 
agents, being readily killed by heat (55° C. for ten minutes) and bactericidal 
^ Worley and Young: Jour. Bact., 1945. 49;97. 
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chemicals. Desiccation experiments have not given uniform results; it is 
said that cultures dried on threads remain viable for three or four weeks. 
Pure cultures appear to be more resistant to desiccation than the bacilli in 
the nasal secretions from diseased animals, for infected discharges are 
usually sterile within a few days. Cultures die out in four to six weeks but 
may be maintained by transfer on glycerol agar. 

Classification. — The relation of the glanders bacillus to other bacteria 
is by no means clear. In certain respects, such as the occurrence of branch- 
ing and the favorable effect of glycerol on growth, it resembles the Myco- 
bacteria though it is not acid-fast. It has, in fact, been grouped under the 
Actinomycetales by some workers® in the genus Actinohacillus, In other 
respects it is related to the Brucella species with which it is grouped in the 
current Bergey classification. Generally termed Bacillus mallei, it was for- 
merly designated Pfeijferella by Bergey (4th ed.) as a newly created genus. 
This generic name has now been discarded and a new one, Malleomyces, 
coined. 

Pathogemcity for Lower Animals. — Under natural conditions the 
horse is chiefly affected, hut cases are occasionally observed in the carnivora 
(cats, dogs, menagerie animals) and in goats and sheep. Swine and pigeons 
eire shghtly susceptible. Cattle and house rats are immune. Rabbits and 
guinea pigs are susceptible to experimental inoculation. 

Glanders manifests itself in an acute and a chronic form, which run into 
one another, the latter frequently terminating in an acute attack. The acute 
form is ushered in usually by a chill and the appearance of a high tempera- 
ture in advance of any local manifestation. In a few days the mucous mem- 
brane of the nose is inflamed and becomes studded with nodules, the 
lymphatic system becomes largely involved, and edematous swellings 
appear in various parts of the body. General symptoms become more grave, 
and death follows in from eight to thirty days (Nocard). The mule, and 
especially the ass, suffer commonly from the acute disease. The chronic 
form is the more usual type in the horse (90 per cent of cases). A great 
variety of symptoms and lesions have been noted in the latter animal, and 
the disease pursues most diverse courses in different individuals. The 
nasal membrane is often affected, and there is a profuse and infectious 
catarrhal discharge. Cutaneous -glanders is known by veterinarians as farcy, 
the thickenings of the superficial lymphatics being termed ‘Tarcy buds” or 
“farcy pipes.” In all forms of glanders there is a tendency to the production 
of nodules, which soften and pass over into ulcers. The glanders nodule has 
been considered by some writers to be structurally similar to the nodule 
formed by the tubercle bacillus (p. 578) but most observers are agreed that 
the former is a degenerative rather than a proliferative formation, and that 
it is radically different from the tubercle. 

Experimental inoculation with pure cultures has given positive results 
not only in the horse, in which the characteristic features of the disease are 
reproduced, but in guinea pigs, field mice and other small rodents. House 
mice and white mice show a high but not absolute resistance, in contrast 

® Thompson: Joxir. Bact., 1933, 

Nocard: Les maladies microbiennes des animaax. Paris. 2nd ed. 1898. 
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to the great susceptibility of field mice. The guinea pig responds to inocula- 
tion in a typical fashion, and has been utilized for differential diagnosis. 
Both in the natural and in the experimental infection the bacteria are found 
chiefly in the nasal secretions and in the contents of the young nodules; in 
the older ulcers they are relatively few in number. The blood, as a rule, 
contains glanders bacilli only in acute general infection. 

Patkogenicity for Man. — Veterinarians and others having to do with 
the care of horses are the most liable to contract glanders. Freshly isolated 
cultures are highly virxalent, and a number of fatal infections have occurred 
among laboratory workers. The acute form of the malady is the more com- 
mon in man, most cases terminating fatally within two or three weeks, 
sometimes within a few days of their inception. As in the horse, the mucous 
membrane of the nostrils, although not invariably affected, is a place of 
predilection for the glanders nodules and ulcers. Occasionally the chronic 
form may appear and finger for months or even years, with spreading ulcer- 
ation and other featxues closely resembling those observed in the horse. 
Recovery from chronic glanders may take place, or the disease may pass 
into the acute stage.® 

Path of Entrance. — ^The avenue by which the glanders bacillus usually 
enters the body of the horse has not been clearly determined. The intact 
skin probably rarely, if ever, permits entrance, but a slight wound or injury 
offers a ready portal, as attested by experimentation. The mucous mem- 
brane of the nose, especially if slightly abraded, may become the portal of 
entry, as may the intact conjunctiva, which, as shown by Conte,® can be 
infected by contact with infectious material in two to four hours, sometimes 
in thirty minutes- Infection by inhalation must be rare, to judge from 
animal experiments, if, indeed, it ever occurs. According to Nocard, who 
made a special study of the mode of infection, penetration takes place by 
way of the alimentary tract in the great majority of cases. There is weighty 
experimental cuid other eAudence in support of this view. 

In man the alimentary tract is certainly not the ordinary channel of 
entrance; meat from glandered animals has been ingested without resulting 
infection. Inhalation likewise hardly enters into consideration. Probably 
infection through a scratch or other break in the skin is the usual origin of 
human cases. 

Diagnosis. — In prebacteriological days chronic glanders in the horse 
was frequently separated from other diseases only with difficulty and a 
considerable measure of uncertainty. At present the diagnosis of glanders 
is greatly facilitated by : (1) guinea-pig inoculation ; (2) the mallein test — 
(a) subcutaneous, (6) ophthalmic; (3) the agglutination method; (4) the 
complement-fixation test. 

Inoculation. K. male guinea pig is injected intraperito- 
nealiy with fragments of diseased tissue, scrapings from ulcers, or some of the 
nasal discharge from a suspected animal. A positive reaction is shown by 
the testicles becoming red and swollen, usually on the second or third day— 

8 Glanders m man is reported only occasionally; for a recent report see Panja and 
Chatterjee: Indian Med. Gaz., 1943, 7^.-150. 

8 Conte; Revue Vet^rin., 1893, p. 568. 
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the Straus reaciion.^^ Together with the orchitis (inflammation of the 
parenchyma of the testicle) there are severe general symptoms which 
usually culminate in twelve to fifteen days. Grayish nodules are often found 
in the spleen and other internal organs. The test is not absolutely specific, 
for Kutscher^^ and Nocard have shown that an analogous orchitis may be 
produced by other organisms besides the glanders bacillus. It is often, how- 
ever, of value, especially when, for one reason or another, other tests are 
inapplicable. 

2. The Mallein Test . — Mallein is the concentrated glycerol broth in 
which the glanders baciUus has grown; it is prepared in the same manner as 
tuberculin. The mallein reaction consists in a rise of temperature, accom- 
panied by a pronounced local reaction, and in many cases, though not 
invariably, by more or less profound constitutional disturbances. 

(a) Subcutaneous injection of mallein (the size of the dose varying 
according to the concentration) into a glandered horse is followed by the 



Fig. 128. — Glanders bacillus in giant cells and exudate of human lungs (Coleman and 

Ewing). 

signs above noted, while in an animal not infected with glanders the tem- 
perature is slightly or not at all affected and the general symptoms are 
absent. The temperature of the suspected animal should be taken at two- 
hour intervals before the injection is made, and after the injection at the 
ninth, twelfth, fifteenth and eighteenth hours, at least. The increase of 
temperature in glandered horses varies from 1.5° to 2.5° C. above the 
normal, and is distinctly high on the second day after injection. Healthy 
horses often show a distinct temperature increase on the first day after 
inoculation, but as a rule this disappears quickly. In the use of mallein, as 
in the tuberculin test, care must be taken to exclude other influences that 
disturb the normal temperature relations. Experienced observers lay much 
stress upon the appearance of swelHng at the seat of inoculation. In a 
glandered animal the tumefaction is large, hot and painful ; it increases in 

Straus: Archives de Med. Exper., 1889, if*489; Compt. Rend, Acad. Sci., 1889, 
i08:530, 

Kutscher: Ztschr. f. Hyg., 1896, .*156. 
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size up to twenty-nine to tMrty-six hours, persists for about a week, and 
gradually disappears. In a healthy animal a swelling may occur, but it is 
never large and vanishes within twenty-four hours. 

There is complete agreement among veterinarians regarding the high 
diagnostic value of mallein. The reaction is specific, is usually sharp and 
decisive in character, and almost never fails to reveal the presence of infec- 
tion. Nocard expressed himself very emphatically: “A complete mallein 
reaction is tmeqnivocal ; the animal that reacts is glandered. An animal 
which does not react to an injection of maUein is not glandered, whatever 
the character of the symptoms.” Recent workers prefer the ophthalmic tes4 
to the subcutaneous test. 

(6) The ophthalmic test consists in the introduction of the mallein, 
preferably in tablet form, into the conjunctival sac. The reaction is very 
reliable, and the test can be readily made by every practicing veterinarian. 

3. The agglutination method (Macfadyen)^^ has had extensive official use 
in Prussia and Austria. The serum of normal horses agglutinates in dilutions 
of from 1: 200 to 1 : 300, and the reaction is specific only when rather high 
dilutions (1: 500 to 1:3200) are used. The serum from sound animals, how- 
ever, sometimes agglutinates the glanders bacillus in a dilution as high as 
1 : 500. Occasionally the reaction fails to appear in the serum of glandered 
animals. The test is liable to the usual difficulties and source of error in the 
hands of an unskilled observer. Moore^® uses a suspension of B. mallei in 
carbolized salt solution prepared from a glycerol-agar culture, killed by 
heating to 60® C. for two hours. 

4. The complement-fixation test is very accurate but demands special 
laboratory facilities and is less easy to apply in a practical way than the 
ophthalmic test. 

Immunity and Prophylaxis. — Permanent immunity to glanders can 
neither he conferred by an attack of the disease nor produced by any arti- 
ficial means. Nocard fed with infectious matter three horses which had 
previously recovered from the disease, and found that these animals showed 
no resistance superior to that of a healthy control animal. Similarly, Lobel, 
Schaaf and Roza^^ were unable to produce an immunity in guinea pigs or 
horses by the inoculation of bile-attenuated avirulent bacilli. Chronic 
glanders may exist for years, and is in no wise a warranty against the sudden 
development of an acute attack. 

No very potent nor characteristic toxic substance has been obtained from 
cultures of the glanders bacillus, and attempts at immunization with the 
products of this organism have been eminently unsuccessful. It is stated 
by a number of observers that repeated injections of mallein will exercise 
a curative action upon certain forms of recent infection, but experimentally 
mallein is without immunizing power. The sera of animals treated with 
mallein injections and the sera of naturally immune animals, such as cattle, 
are, according to most observers, totally devoid of any preventive or 
curative value- The most that has been accomplished in the way of immuni- 

^ Macfadyen: Jour. Comp. Path, and Therap., 1896, 9:S22. 

Moore: Jour. Inf. Dis., 1907, Suppl. No. 3, p. 85. 

Lobel, Schaaf and Roza: Nederland. Indische Blad. Diergeneesk., 1941, 55:100. 
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zation is a very moderate augmentation of resistance in dogs injected with 
small non-fat al doses of li\ing cultures. 

The experience of Great Britain shows that the disease may be practically 
eradicated by slaughtering every animal showing clinical signs of glanders 
or giving a positive mallein test, and properly disposing of the carcass. By 
this means the number of horses affected was cut down from 2012 in 1906 
to 2 in 1925. 

BACILLUS WHITMORI (BACILLUS PSEUDOMALLEI) 

Melioidosis, a disease of rodents somewhat similar to glanders, is caused 
by Bacillus whitmori, a microorganism which closely resembles the glanders 
bacillus. It has been observed in Rangoon, where it is thought to be pri- 
marily a disease of the wild rat and is occasionally communicable to man. 
B. whitmori differs from B. mallei in that it is actively motile, liquefies 
gelatin and attacks carbohydrates more energetically. It grows considerably 
more rapidly and its colonies on glycerol agar develop a wrinkled, corru- 
gated surface and are quite different in appearance from those ofB, mallei. 
A second colony type may be produced, however, which is very similar to 
the colonies of the glanders bacillus. B. whitmori is thought by some to be 
closely related to Pseudomonas pyocyanea in many respects and strains have 
been reported^^ which produce pyocyanin. 

The characteristic lesion of the disease is a small caseous nodule which 
is found in man in almost any part of the body except the brain. The 
nodules may coalesce to form large areas of caseation in some cases and in 
others break dowm into abscesses. There is some reason to believe that 
melioidosis in man is often traumatic in origin, either the bacilli entering 
the injured tissues or the defense mechanism being broken down in part 
by the injury.^® Rodents usually die within a short time from septicemia, 
and the lesions appear as small nodules superficially resembling tubercles. 
Guinea pigs and rabbits are highly susceptible to inoculation. B. whitmori 
also produces the Straus reaction. 

Blanc, Delage and Martin: Ann. Inst. Pasteur., 1943, 69:6S. 

Cf. Le Moine, Hasle and Nguyen-Duc-Klioi: Bull. ^c. Med.-GMrurg. Indochine, 
1937, i5:662; TouUec and Huard: ibid., 1937, 15:667; Sudibyo: Geneesk, Tijdschr. v. 
Nederl.-Indie., 1938, 75.1424 (English summary). 



CHAPTER 30 


CORYIVEBACTERIUM (THE DIPHTHERIA BACILLUS)^ 

Order: Actinomycetales. Family: Mycohacteriaceae. Genus: Corynebacterium. Gram- 
positive rod-like forms, slender and often slightly curved. Club-shaped forms frequently 
observed, and branching forms present in old cultures. Staining irregular, often in seg- 
ments to give a barred appearance. Non-motile. Aerobic. Non-spore-forming. Powerful 
exotoxin produced by some species. Characteristic snapping motion when cells divide. 
Type species: Corynebacierium diphtherias. 

As a clinical entity diphtheria dates from the observations of Bretonneau 
in 1826. The diphtheria bacillus was observed and described by Klebs^ in 
1883, but its etiological relation to the disease was suggested by the inves- 
tigations of Lbffler^ the following year. Loffler isolated the bacillus ob- 
served by Kdebs in pure culture from a number of cases of diphtheria but 
expressly disclaimed the assumption that his bacillus was the causal agent 
of diphtheria, in part because he foimd it in the throat of a healthy child, 
and in part because he did not find it in all cases of what were apparently 
clinical diphtheria. The significance of Lofiler’s findings is now clear, how- 
ever, for it is known that other bacteria, such as streptococci, can produce 
a condition in the throat closely resembling diphtheria and that the diph- 
theria bacillus is not infrequently present in the throats of healthy carriers. 
Further investigations by other workers indicated that the Klebs-Ldfiler 
bacillus was always present in the typical false membrane of diphtheria. 
In 1888 Roux and Yersin^ showed that this bacillus formed a soluble toxin 
which reproduced the characteristic symptoms and lesions of diphtheria 
and thus demonstrated its etiological relation to the disease. 

Morphology and Staining. — ^The diphtheria bacillus is a slender rod 
ranging from 1 to 6 in length and 0.3 to 0.8 /x in breadth. The bacilli 
are highly pleomorphic, for, in addition to the straight or slightly curved 
rods, club-shaped and branching forms are not infrequently observed. The 
presence of the latter, which are a consequence of true branching, is indica- 
tive of the close relation of the diphtheria bacillus to some of the higher 
fungi, and it is classified with the actinomycetes rather than under the 
Euhacteriales or true bacteria.” Upon completion of cell division a move- 
ment designated as snapping occurs, and the bacilli may remain attached 
but at sharp angles to one another. 

considered in detail by Andrewes et al: Diphtheria: Its Bacteriology, 
Patfwlogy and Immunology, Medical Research Council (British), London, 1923; and by 
Forbes: Diphtlwria, Past and Present; Its Aetiology, Distribution, Transmission and Pre- 
vention, Joto Bale, ^ns & Danielsson. London. 1932. See also Corson: Diphtheria: A 
Nummary of Recent Literature, BuU. Hyg., 1943, 12:969. 

^ Klebs: Verhandlungen des Congresses f. innere Med 1883 

3 Loffler: Mitt. a. d. k. Gesund., 1884, 2:421. 

^Roux and Yersin: Ann. Inst. Pasteur, 1888, 2:629. 
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The diphtheria bacillus exhibits a marked tendency to stain irregularly. 
Some cells stain solidly, others take the stain more deeply in transverse 
bands to give a barred appearance, and in still others deeply staining meta- 
chromatic or Babes-Ernst granules are found. A single cell may contain 
from one to generally not more than five or six such metachromatic gran- 
ules; they may be found at one or both ends of the cells, particularly those 
with swollen ends, and when more than two are present the remainder 
are scattered within the cell substance. This irregular staining is apparent 
with Lofiler’s alkaline methylene blue or with toluidine blue; Neisser’s 
stain® is regarded by many workers as producing an even greater contrast 
between the heavily and lightly staining portions of the cell substance. 
Morton and Francisco® have shown that the metachromatic granules are 
more readily differentiated when the basic dye is made up in an acid 
solution. 



Fig. 129. — Colonies of Corynebacterium diphtheriae on blood agar. Note the smooth, 
raised translucent appearance and relatively small size. X 2. 


In stedhed smears the appearance of diphtheria bacilli is highly charac- 
teristic. They may not be identified on morphological grounds alone, 
however, for many of the pseudodiphtheria bacilli or diphtheroids stain 
in the same irregular fashion and are similarly pleomorphic- It was formerly 
thought that there was an association between morphological type and 
virulence, and Wesbrook^ divided the diphtheria bacilli into a series of 
morphological types, generally known as the Wesbrook types. At present, 
however, little emphasis is placed upon morphology in this connection, 
though in a general way granular types seem to predominate in clinical 
diphtheria and there appears to be a rough association between morpho- 

® The bacilli are stained with an acid methylene blue solution followed by Bismarck 
brown. 

« Morton and Francisco: Stain Technol, 1942, i7:27. 

Wesbrook, Wilson and McDanile; Trans. Assn. Amer. Physicians, 1900; see also 
Gorham: Jour. Med. Res., 1901, 6:201. 
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logical type and the mitis and gravis types, as will appear. The diphtheria 
bacillus is gram-positive but decolorizes more readily than most of the 
gram-positive bacteria. 

Surface colonies on Lbffler’s serum medium or on agar are small and 
gray; when viewed under low magnification they are found to be coarsely 
granular and somewhat irregular in outline, with ragged or fringed edges. 
On differential media containing potassium tellurite, colonies of the diph- 
theria bacillus are dark gray or black because of reduction of the tellurite 
and readily differentiated from those of contaminating bacteria. Tellurite 
reduction apparently occurs within the bacterial cell.® It may be noted 
that although the characteristic morphology of the diphtheria bacillus is 
apparent in stained smears from colonies on Lofiler’s medium, smears 
from oolonies on tellm'ite media are often not characteristic. 

Physiology. — The optimum growth temperature for the diphtheria 
bacillus is 34° to 36° C. and it grows well at 37° C.; growth will take place 



Fig. 130. — The diphtheria bacillus, gm« is strain, pure culture on blood agar. Methy- 
lene blue stain. Note the bipolar staining and the club-shaped forms. The lightly stained 
cells with deeply stained areas are characteristic of gravis morphology. X 1200. 

over the range from 15° to 40° C. An alkaline reaction is required, pH 
7.8 to 8.0, and free access to air is essential, for growth under anaerobic 
conditions is sparse.® 

In primary isolation the diphtheria bacillus is best cultivated on en- 
riched media- Growth is rapid on Loffler’s serum medium (3 parts, of beef 
or sheep serum and 1 part of 1 per cent dextrose broth coagulated in slant 
form by inspissation) and minute but visible colonies appear after twelve 
to twenty-four hours’ incubation. In recent years a variety of differential 
and selective media have been introduced, all of which contain potassium 
tellurite. The better known of these are the chocolate agar-tellurite medium 

® Morton and Anderson: Proc. Soc- Exp. Biol. Med., 1941, 4^:272. 

® Strains of virulent diphtheria bacilli which grow more luxuriantly under anaerobic 
conditions than in the presence of air have, however, been reported- Cf. EmiUo: Giorn 
di Batteriol. e Immunol., 1938, 21:256. 
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of Anderson and his co-workers,^° which has been subject to minor modi- 
fications by a number of other workers, such as Neill’s medium and Hoyle’s 
medium which are used in England,^^ and the various media developed by 
Clauberg,^^ whose inspissated serum-glycerol-teilurite medium has been 
widely tested. There is general agreement that the proportion of positive 
cultures is somewhat higher with the Clauberg medium than with Loffler^s 
medium; whether the heated blood-tellurite media are superior to Loffler’s 
medium is not clear. As indicated above, the characteristic morphology 
of the diphtheria bacillus is not always seen in smears from colonies on 
tellurite media and, therefore, in some laboratories both Lofiler’s medium 
and a differential tellurite medium are inoculated and the former used for 
microscopic examination if typical colonies appear on the differential 
medimn. 

Enriched media are not, however, essential to the growth of the diph- 
theria bacillus, for this microorganism can be cultivated on ordinary nu- 
trient and infusion media. Growth is somewhat scanty on the former but 
good on the fresh meat infusions. The intensive investigations of Mueller^^ 
have shed considerable light on the growth requirements of these bacilli. 
Some strains, including the well-known Park 8, may be cultivated on syn- 
thetic solutions containing a number of amino acids together with small 
quantities of nicotinic acid, ^-alanine or pantothenic acid, and pimelic 
acid. It has been suggested^^ that pimelic acid is utilized by this bacterium 
for the synthesis of biotin since growth is stimulated by biotin in the ab- 
sence of pimelic acid. Recently isolated strains also require oleic acid for 
development, especially if the inoculum is small.^® Nutritive requirements 
differ somewhat from one strain to another and a general statement is 
not possible. 

The diphtheria bacillus does not liquefy gelatin or digest coagulated 
protein. Indol is not formed^® and nitrates are reduced to nitrites. All 
strains form acid but no gas from dextrose and levulose, and some strains 
ferment dextrin, glycogen, starch, galactose, maltose and glycerol. There 
appear to be no well-defined biochemical groups among these bacilli.^^ 
The fermentation of dextrose is of some interest in that propionic acid is 
formed.^® Other products of the fermentation include lactic, acetic, formic 
and succinic acids and ethyl alcohol. 

In ordinary culture media the diphtheria bacillus may retain its vitality 
for relatively long periods of time. It will live six to eight weeks on agar, 
five to six months on blood serum, twelve to fifteen months on dextrose 
Anderson, Happold, McLeod and Thomson: Jour. Path. Bact., 1931, ^4:667. 

^ For ■'example, see Hynes: Jour. Path. Bact., 1942, 54:138. 

12 Clauberg: Centralbl. f. Bakt., 1929, f/4:539; ibid., 1931, i2(?:324; ibid., 1933, i28: 
153; ibid., 1935, 1J4:271; ibid., 1936, fJ5:529. 

13 Summarized by Mueller: Jour. Bact., 1938, 56:499; Bact. Rev., 1940, 4:97. 

1^ duVigneaud, Dittmer, Hague and Long; Science, 1942, 96:186. 

13 Cohen and Mueller: Jour. Bact., 1941, 41:58. 

18 The test with sulfuric acid and potassium nitrite may be positive because of the for- 
mation of indol-acetic acid, but no color is produced with Ehrlich’s reagent, p-dimethyl- 
amidobenzEildehyde. (Frieber: Centralbl. f. Bakt., 1921, 57:254.) 

1^ Frobisher; Amer. Jour. Hyg., 1938, 25:1- 

18 Tasman and Brandwijk: Jour. Inf. Bis., 1938, 65:10; ibid., 1940, 67:282. 
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blood serum, and as long as three months in particles of diphtheritic mem- 
brane. Although virulence is ordinarily reduced by continued culture on 
laboratory media, some strains remain fully virulent, i.e., toxigenic, on 
prolonged cultivation; Loffler recorded one instance in which virulence 
was maintained over 77 transfers covering a period of twenty-seven months. 
The bacilli are unusually susceptible to heat; a suspension or broth culture 
is killed by holding at 58° C. for ten minutes. In diphtheritic membrane 
they are considerably more resistant. 

Toxin. — ^With the possible exception of the Shiga dysentery bacillus, 
the diphtheria bacillus is the only aerobic bacterium that produces a 
powerful exotoxin comparable to those formed by the sporulating anae- 
robes. Filtrates from broth cultures are not so toxic as those of the tetanus 
and botulinus bacilli; exceptionally potent filtrates may contain as much 
as 1000 guinea-pig MLD’s per cubic centimeter. It may be noted that in 



Fig. 131. — ^The diphtheria bacillus, intermedius strain, pure culture on blood agar. 
Methylene blue stain. Note the irregular staining and barred appearance characteristic 
of the intermedius variety. X 1200. 


regard to the diphtheria bacillus virulence and toxigenicity are synony- 
mous. The virulence test, the inoculation of guinea pigs with broth culture 
of the bacillus, is, then, a test of the ability of the bacilli to form toxin. 

The production of toxin by the diphtheria bacillus is markedly influ- 
enced by environmental and nutritive conditions; even strongly toxigenic 
strains may produce little or no toxin under unfavorable conditions. A 
slightly alkaline reaction, pH 7.8 to 8.0, is essential, for an acid reaction 
strongly inhibits toxin formation. Free access to air is also necessary, and 
for the production of toxin the bacilli are cultivated in thin layers of beef 
infusion broth. Maximum amounts of toxin are found after seven to ten 
days" incubation at 36° to 37° C. 

An infusion medium, beef infusion, containing adequate amounts of 
peptone (2 per cent) has long been regarded as essential to the produc- 
tion of maximum amounts of toxin. The marketed brands of peptone are 
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variable in this respect, some being much better for the production of 
toxin than others. The presence of protein or large peptone molecules is 
not essential to toxin formation, however, and potent toxins may be pro- 
duced in chemically defined media containing appropriate amino acids 
and other compounds. The critical factor is not the quality of peptone or 
other source of nitrogen, as once thought, but the concentration of iron 
in the medium. Pappenheimer and Johnson^® found that maximum toxin 
production occurs only over a narrow range of iron concentration, the 
optimum being 0.14 gm./mL, and 5.0 gm./ml, almost completely inhibits 
its formation. Calcium, sodium and potassimn also affect toxin production 
but the concentrations are not so critical. Mueller^® has suggested that the 
small amount of toxin produced in the presence of large amounts of iron 
represents normal production while the increased production under con- 
ditions of iron starvation is possibly the result of a compensatory mechan- 
ism in which the toxin molecule takes part in some process ordinarily 
catalyzed by an iron-containing enzyme. However this may be, potent 
diphtheria toxin is formed in a reproducible semi-synthetic medium con- 
taining hydrolyzed casein, nicotinic and pimelic acids, cystine, maltose, 
calcium and iron that gives better and more consistent toxin production 
than the complex infusion media.^^ 

The properties of the diphtheria toxin are similar to those of the other 
soluble toxins which have been discussed elsewhere (p. 173) and need not 
be considered at length here. Suffice it to say that the toxin is unstable 
to slight acidities, i.e., a pH of 6 or less, is heat-labile and apparently pro- 
tein in nature. The production of toxin in synthetic nutrient solutions 
containing insignificant amounts of high molecular weight substances 
allows its separation in a relatively pure form by salting out and dialysis. 
A protein in a high state of purity and having a molecular weight of about 
72,000 has been prepared from such cultures by Pappenheimer^^ and is 
regarded by him as identical with diphtheria toxin. The guinea-pig MLD 
of this material is about 0.001 mg. 

Diphtheria toxin is an excellent antigen and gives rise to high titer anti- 
toxic sera. The standardization of diphtheria toxin and antitoxin is dis- 
cussed elsewhere (p. 256). It has heen noted from time to time that various 
substances, including bile, ascorbic acid (vitamin C) , sterols such as lanolin, 
cholesterol and the like, will neutralize diphtheria toxin. The significance 
of such observations is not entirely clear. Generally relatively large amounts 
eue required to neutralize small quantities of toxin. One or two attempts 
have been made to utilize ascorbic acid in the treatment of clinical diph- 
theria hut without significant results. 

It may be noted that there is great variation from strain to strain of 
diphtheria bacilli in the ability to produce toxin, ranging from the highly 
toxigenic strains to relatively or completely atoxigenic ones. The well- 

Pappenheiitier and Johnson: Brit. Jour. Exp. Path., 1936, f7.*335. 

Mueller: Jour. Immunol., 1941, 4[2.*343. 

21 MueUer and Miller: Jour. Immunol., 1941, 46:21. 

22 Pappenheimer: Jour. Biol. Chem., 1937, f26:543; see also linggood: Brit. Jour. Exp. 
Path., 1941, 22:255. 
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known Park No. 8 strain is one of the good toxin producers and has been 
widely used for this purpose. It has been observed by some workers that 
pure cultures of toxigenic strains will, at times, give rise to weaker toxin 
producers or completely atoxigenic varieties.^® 

Variation. — As in other groups of bacteria, smooth and rough variants 
of the diphtheria bacillus have been observed and the type of colony for- 
mation has been found to be correlated with morphology and virulence; 
the S variant is the more virulent and the form commonly found in acute 
cases of diphtheria. Morphological and hiochemical variation observed in 
the diphtheria baciUi has been critically reviewed by Morton.^^ As a con- 
sequence of its pleomorphism and tendency to branching and the like, the 
diphtheria bacillus has been thought by some to undergo the cyclic trans- 
formations of a complex life cycle including the production of gonidial 
and filterable forms. This concept is not generally accepted. It has also 
been suggested that some of the diphtheroid bacilli are diphtheria bacilli 
which have lost their ability to form toxin. 

Types.2^ — Particularly interesting types of the diphtheria bacillus, per- 
haps related to the S and B. variants, were described by Anderson and 
others^® in Leeds, England, and have since been observed by a number 
of other workers in various parts of the world. The varieties designated 
as the gravis and iniermedias types have been found usually, though not 
always, associated with severe cases of diphtheria, while the mitis type is 
said to be isolated in larger proportion from the milder cases. This asso- 
ciation with the chnical type of diphtheria appears to be definite and 
marked in England but less so on the Continent. In this country there 
appears to be little or no such association and the mitis type is not infre- 
quently found to be the cause of severe or malignant diphtheria. The. mitis 
type occurs much more often in the United States; Frobisher^® estimates 
that only 1 per cent of the strains are the virulent gravis type. 

These types may be differentiated by their colonial form on tellurite 
media. The gravis type produces irregular striated colonies predominantly 
gray in color; the mitis type, small, round, smooth, convex colonies pre- 
dominantly black in color and softer in consistency; and the colonial form 
of the intermedins type lies between these. Colonial differences are also 
apparent on certain other media, such as trypsin-serum agar^^ and a potato 
extract-cystine-water blue-glycerol medium devised by Clauberg.^® On 
fresh blood agar the mitis type is usually hemolytic, the intermedins type 
non-hemolytic, and the gravis type usually non-hemolytic. A further dis- 
tinction is the fermentation of glycogen and starch by the gravis type; but 
other biochemical tests do not differentiate these types. 

There is some association between colonial type and the morphology of 
the bacillary forms. Those of the gravis type show one or two deeply stain- 

^ Cromwell: Jour. Bact., 1926, 

Morton: Bact. Rev., 1940. U:Yll. 

25 See the comprehensive review by McLeod: Bact. Rev., 1943, 7:1. 

26 f'robisher: Amer. Jour. Pub. Health., 1942, 52:709. 

2’ Dudley, May and O’Flynn: Medical Research Council (British) Spec. Rept- Series 
No. 195, 1934. 

28 Clauberg: Centralbl. f. Bakt., 1938, ^42:478. 
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Types 

ing areas, the remainder of the cell staining very lightly; metachromatic 
granules are seldom observed. Bacilli of the mitis variety stain irregularly 
and contain very many well-developed metachromatic granules. The in- 
termedium forms exhibit the familiar barred appearance. While some 80 
per cent of the intermedins variety conform to this morphology, only 50 
to 60 per cent of the gravis strains are typical, the remainder resembling 
the mitis and intermedins forms. Furthermore, 5 to 20 per cent of the mitis 
strains show barred forms. 

Serological investigation has shown that while these three types are 
antigenically distinct from one another, the types are not necessarily 
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Fig. 132. — ^The varieties of the diphtheria bacillus on chocolate-tellurite agar. Left, 
mitis type; note the characteristic raised, small black colony. Center, inter mediizs type; 
the lighter color, beginning radial striation and small size are apparent- Right, gravis 
type; the gray color, larger size, raised center and radial striation are evident. 


homogeneous. The mitis strains are heterogeneous, the gravis strains 
fall for the most part into two types, and the intermedins strains are 
relatively homogeneous, some strains showing relationship to the gravis 
types. 

Not all strains showing the morphologicad and biochemical character- 
istics of these types are virulent, f.e., toxigenic, diphtheria bacilli. Since 
the diphtheria bacillus is differentiated on the basis of the formation of 
immunologically specific toxin, it is apparent that mitis, gravis and inter- 
medins types of diphtheroid bacilli occur. In the series studied by Fro- 
bisher,2® for example, only 10 per cent of the strains typed as gravis were 
toxigenic. Furthermore, a certain proportion of toxigenic strains cannot be 
allocated into one or another of these types. The proportion of indeter- 
minate strains is said to be higher when diphtheria is mild. Anderson et aL^^ 
found about 5 per cent of their strains (British) were not typable and 44 
per cent of the strains found by Sehgmann^^ in New York City in 1940 
were indeterminate. 

Seligmann: Amer. Jour. Hyg., Sec. B, 1941, 54:125. 

19 
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The apparent association of the gravis and intermedius types with the 
more severe infections has not as yet been explained. The toxins produced 
by the three varieties are equally neutralizable by the ordinary antitoxic 
sera, but the miiis strains appear to be the more highly toxigenic and pro- 
duce toxin more actively in vitro than the gravis or intermedius forms. 
While the three types appear to be equally yirulent for guinea pigs, infec- 
tions with gravis or intermedius strains have been reported^^ to be more 
often fatal to rabbits than mitis infections. Mueller^^ has observed that 
the concentration of iron in the throat is too high for maximum toxin 
production but that a gravis strain produced more toxin in the presence 
of the excess than did three non-gravis strains. 

Although this differentiation of the diphtheria bacilli appears highly 
suggestive, it is difficult to assess the significance of the apparent asso- 


CHARAGTERISTICS OF THE DIPHTHERIA BACILLUS TYPES 


Type 

miiis 

intermedius 

gravis 

Morphology 

Microscopic 

Usually long, with 
many metachromat- 
ic graaules — 80 per 
cent typical 

Usually barred, club 
forms common — 80 
per cent typical 

Short, evenly staining 
— 50—60 p(ir cent 

typical 

Colonial 

1 

Tellurite 

Small, round, smooth, 
convex, black with 
greyish periphery 

Small, flat, dull, grey, 
raised center 

Large, irregular, dull, 
grey, raised center, 
radial striations 

Chocolate 

Smooth, semi-opaque, 
glistening 

Flat, dry, opaque, 
slight greenish zone 

Flat, dry, matt, opaque 

Broth 

Uniform turbidity, 
sometimes slightly 
granular, soft pel- 
licle 

Finely granular tur- 
bidity 

Granular, flakes, j>el- 
licle — variable 

Physiology 

Fermen- 

tation 

of 

Glycogen 

- 

- 


Starch 

- 

- 

+ 

Hemolysis | 


- 

d= 

Imznunology 

H eterogeneous 

Relatively homogene- 
ous 

Two main types 


ciation of certain types with varying degrees of severity in the clinical 
manifestations of the disease. 

Patbogenicity for Man. — Diphtheria in man is usually a local infec- 
tion of the mucous surfaces. The pharynx is most commonly affected, 
but infection of the larynx, or membranous croup, and nasal diphtheria, 
or membranous rhinitis, are not infrequently observed. Diphtheritic in- 
fections of the conjunctiva and of the middle ear are less common and 
cutaneous or wound diphtheria is only occasionally observed. Infection of 
the mucous surfaces of the genital organs is occasionally found. The inva- 
sion of other localities is rare; primary infection of the lungs and diphtheritic 
meningitis have been observed, and infection of the umbilicus in the new- 
born has been reported. 

30 Murray: Jour. Path. Bact., 1935, 4f:97. 

31 yiueller: Jour. Immunol., 1941, 42:353. 
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It has long been known that diphtheria bacilli are not often found in 
the internal organs, but the frequency with which such infection occurs 
is not definitely known. Diphtheria bacillus septicemia is occasionally ob- 
served, however, and it is of interest to note here that a few cases of acute 
vegetative endocarditis caused by the diphtheria bacillus have been 
reported.®^ 

The symptoms and lesions produced are due partly to the presence of 
the baciUus and partly to its toxin. The chief local consequence of infection 
is a degeneration of the epithehal cells, extending to the underlying tissues 
and accompanied by a profuse fibrinous exudation, and the characteristic 
diphtheritic membrane, containing fibrin, dead tissue cells, leucocytes and 
bacteria, is formed on the affected surface. The mechanical interference of 
the membrane with breathing may assume significant proportions and even 
necessitate intubation or tracheotomy. 

Although diphtheria toxin undoubtedly plays a part in the formation of 
the membrane, its systemic effects following absorption are by far the most 
important, and diphtheria is, like tetanus, essentially a toxemia. The 
organs most severely affected are the kidneys, heart and nerves. A variety 
of lesions may be foimd in the kidneys, an acute interstitial nephritis being 
the most common. The lesions in the heart consist commonly of a fatty 
degeneration in the muscle fibers, which may be very extensive. Fatty 
degeneration also occurs both in the myelin sheath of the peripheral nerves 
and in the white matter of the brain and cord. These changes in muscle 
and nerve account for the serious cardiac weakness often observed in diph- 
theria and the frequent occurrence of the more or less extensive paralysis 
which so commonly follows an attack of the disease. It is probable that a 
small amount of toxin can cause extensive damage in these tissues. 

Pathogenicity for Lower Animals* — Diphtheria is not a natural 
disease of lower animals. There is a popular befief that cats may become 
infected and disseminate the bacilli, but this is not true. Both the local 
and general symptoms of human diphtheria in man can, however, be re- 
produced by animal inoculation. Inoculations upon the healthy mucous 
membrane of most adult animals lead to no changes, but if young animals 
be injected intratracheally, or if the mucous surface be injured before 
inoculation, a characteristic false membrane is produced which is histolog- 
ically identical with that found in man. 

The subcutaneous inoculation of a guinea pig with a sufficient amount 
of a young broth culture or toxic filtrate will produce death in one to four 
days, the time depending upon the size of the inoculum. The animal be- 
comes obviously ill twelve to eighteen hours after inoculation, and neph- 
ritic symptoms, paralytic manifestations and other characteristics of 
human diphtheria are often observed. Postmortem findings include an 
edema and possibly necrosis at the site of inoculation, congestion of the 
regional lymphatics and abdominal viscera, a pleural exudate and, char- 
acteristic of diphtheritic toxemia in this animal, an enlarged and hemor- 
rhagic condition of the adrenals. As a rule, the bacilli remain localized and 

** The literature is reviewed by Kaschel: Ztschr. f. Bdnderheilk., 19S8, 59:437. 

33 Cf. Buddingh and Anderson: Arch. Int. Med., 1937, 59:597. 
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are not found in large numbers in the internal organs of the infected animal. 
Guinea pigs receiving smaller doses that do not die by the fourth day may 
develop paralytic symptoms and cachexia and die later on, a condition 
obviously different from the acute toxemia. 

Animals vary considerably in their susceptibility to infection. Rats and 
mice are relatively refractory; rabbits are less susceptible than guinea pigs; 
cats, dogs and pigeons are highly susceptible. Paralytic manifestations 
appear more frequently in dogs and pigeons than in guinea pigs or rabbits, 
Frobisher^^ has found that young chicks are susceptible to virulent diph- 
theria bacilli and their toxin and may be used instead of guinea pigs for 
the virulence test. 

Bacteriological Diagnosis of Diplitlieria. — To establish a diagnosis 
of infection vdth diphtheria bacilli, in either case or carrier, the bacillus 
must be isolated and its toxigenicity demonstrated. The specimen is taken 
on a swab, either plain or previously dipped in sterile horse serum which 
is coagulated on the surface by twirling in a flame. It is best to inoculate 
two media, Lofiler’s serum agar and a tellurite medium such as chocolate 
tellurite agar; if only a single medium can be used, tellurite is preferable. 
A blood agar plate should be inoculated as well, both for the isolation of 
diphtheria-like colonies and to provide for the cultivation of hemolytic 
streptococci which may be present. After the plates have been inoculated 
a smear may be made by rolling the swab on a slide, and stained with 
alkaline methylene blue; it will serve to show the presence of the spiro- 
chetes and fusiform bacilli of Vincent’s angina should these be present. 

Diphtheria bacilli grow up in eighteen to twenty-four hours’ incubation. 
If the characteristic black or grey colonies appear on tellurite, smears may 
be made from such colonies and from the Loffler slant for microscopic 
examination; the morphology of the diphtheria bacillus is frequently not 
characteristic on tellurite as indicated above. It is often inferred that only 
diphtheria bacilli grow as black colonies on tellurite medium. This is not 
true for any bacterium that reduces tellurite will produce similar colonies; 
tellurite-reducing bacteria, other than diphtheria bacilli, from the nose 
and throat are usually staphylococci or micrococci and as a rule their 
colonies resemble those of the mitis variety of diphtheria bacillus but are 
blacker. 

If morphologically typical bacilli are found toxigenicity must be tested 
by animal inoculation. This is ordinarily carried out in the guinea pig by 
subcutaneous or intracutaneous inoculation. In the first instance the 
growth from a Loffler slant is suspended in 10 ml. saline and 4 ml. injected 
subcutaneously into each of two guinea pigs, one of which has received 
250 units of diphtheria antitoxin twenty-four hours previously. The diph- 
theria bacillus will kill the unprotected pig in three to five days and autopsy 
will show local edema and the characteristic hemorrhagic enlarged adrenals, 
while the protected animal wiU survive. For the intracutaneous test the 
growth from a Loffler slant is suspended in 20 ml. saline and 0.15 ml. 
injected into the shaven abdominal skin of each of two pigs as above. 
Tpxigenicity is indicated by the development of a local infiltrated lesion 
Cf. Frobisher, Parsons and T'lmg: Amer. Jour. Hyg., 1942, 55:381. 
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wiiicli shows superficial necrosis in two or three days in the unprotected 
pig. By the latter technique a number of tests may be carried out in the 
same pair of animals. 

Immunity. — Immunity to diphtheria, arising as a consequence either 
of recovery from a frank attack of the disease or of inapparent infection, 
is essentially an antitoxic immunity. Antibacterial substances appear to 
be of little significance and the refractory state is associated with the pres- 
ence of antitoxin in the blood serum and body fluids. 

The Schick Test . — Immunity to diphtheria, then, may be measured by 
the amount of circulating antitoxin present in a given individual. A skin 
test has been devised by Schick,^ and is known as the Schick test, in which 
a minute amount of diphtheria toxin is injected intradermally. In the non- 
immune the irritant action of the toxin gives rise to a local erythema fol- 
lowed by necrosis and desquamation, and the reaction is said to be positive. 
(See the Romer reaction, p. 257.) In the immune, however, the toxin is 
neutralized by the antitoxin that is present, the characteristic reaction 
does not develop, and the reaction is negative. The amount of toxin in- 
jected is usually 1/50 of a guinea-pig MLD in a volume of 0.1 or 0.2 cc.; 
the Permanent Standards Committee of the League of Nations specifies 
1/40 MLD in 0.2 cc. and 1/50 MLD in 0.1 cc.^® According to Moloney 
and Taylor,^^ however, a toxin of three times this strength gives more 
sharply defined reactions. Considerable interest has attached to diluents 
for the Schick toxin since it is not stable in phenol-saline solutions. The 
dilute toxin is, however, stable in 2 per cent peptone solution, a borate 
buffer-gelatin solution, and a glycerol-gelatin solution which has been pro- 
posed recently. The advantages of a ready-diluted Schick toxin are obvi- 
ous, and toxins diluted ready for use are now generally available. 

For many years a negative Schick test has been regarded as indicating 
the presence of 1/20 unit or more of antitoxin per cubic centimeter in the 
blood serum and a positive test less than 1/40 unit. More recent experi- 
ments, however, have indicated that the so-called “Schick level” of im- 
munity is much lower than this and in the neighborhood of 1/250 to 1/500 
unit of antitoxin; negative reactions have been obtained in persons with 
as Httle as 0.0005 unit. Phair^® has expressed the opinion held by a number 
of workers that a negative Schick test is indicative not only of antitoxin 
content of the blood but also involves a defense mechanism other than 
that of antitoxin production. 

A scarification test in which diphtheria toxin is introduced by punctate 
scarification rather than intradermal injection has been introduced by 
Reh and is called Reh's test. It is said to be somewhat simpler to perform 

35 Schick: Miinch. med. Wchnschr., 1913, 60:260^. 

3® Report of the Permanent Commission on Biological Standardization, League of 
Nations Health Organization. London. 1931. 

35" Moloney and Taylor: Jour. Immunol., 1937, 5.3:191. See also Cameron and Gibhard; 
Canadian Jour. Pub. Health, 1941, 52:83. 

38 Cf. Glenny and Waddington: Jour, Path. Bact., 1929, 52:275; Fraser and Halpem: 
Trans. Roy. Soc. Canada, Sec. V, 1935, 29:53; Parish and Wright: Lancet, 1935; i:600; 
ibid., 1938, £:882, 

39 Phair: Amer. Jour. Hyg., 1942, 55:283. 
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than the Schick test and, when carried out with a potent toxin (with a 
guinea-pig MLD of 2000 per cc.), to give parallel results with the Schick 
test.^^^ Recently introduced (1934), it has not been generally used. 

The question of whether the Schick test is indicative of a degree of im- 
munity such that subsequent infection is highly improbable is one that 
cannot be answered a priori. Experience has shown, however, that the 
assumption that a Schick-negative person is, for all practical purposes, 
immune, is pragmatically sound. 

Prophylactic Immunizatioii. — It was early observed that experi- 
mental animals can be immunized to diphtheria by the injection of living 
cultures of the bacilli after a protective dose of antitoxic serum or by the 
inoculation of toxin neutralized with antitoxin. Theobald Smith^i suggested 
the use of toxin-antitoxin mixtures in the immunization of horses, and 
the same method was used by von Behring^^ ^ few years later to immunize 
children. The use of toxin-antitoxin for the immunization of man, how- 
ever, was developed largely through the efforts of Park in New York City 
from 1913 onwards. 

Toxin-Antitoxin .- — ^The mixture usually used contains 0.1 L+. dose of 
toxin per cubic centimeter. The toxin is slightly underneutralized (5 cc. of 
the mixture should produce diphtheritic paralysis in 300 gm. guinea pigs) 
but depends for its immunizing efficiency not on the slight excess of toxin 
but on a slow dissociation of the toxin-antitoxin complex to liberate free 
toxin. Administered in 3 doses of 1 cc. each at intervals of one to two 
weeks, toxin-antitoxin produces, an immunity in 85 per cent of individuals 
inoculated.^ The immunity develops slowly, and one to six months may 
be required for the Schick reaction to become negative. Accidents may 
occur as a consequence of dissociation of the toxin-antitoxin mixturb— 
freezing in one instance produced such dissociation — but these are rare, 
particularly with the 0.1 L+ dose mixture. There is, of course, the possi- 
bility of sensitization of the inoculated individual to horse serum. 

Toxoid . — The use of formol toxoid or anatoxin as an immunizing agent 
was introduced by Ramon in 1923 and has been widely adopted. As pointed 
out elsewhere (p. 255), toxin treated with formaldehyde (in this case a 
potent toxin of more than 15 Lf doses per cubic centimeter is incubated 
with 0.3 to 0.4 per cent formalin at 37° C. for one month) loses its toxicity 
but retains its antigenicity and is a highly efficient immunizing agent. 
The administration of this material in three doses of 0.5, 1.0 and 1.0 cc. 
at intervals of two to three weeks renders 95 per cent of persons Schick- 
negative.^^ It was at first thought that toxoid might entirely replace toxin- 
antitoxin as an immunizing agent, but this has not proved to be the case.* 
Reactions to the bacillary protein, while not of great importance as a rule 
in young children, may be relatively severe in older persons, and its use 

Cf. Reh.. Schweiz, med. Wchnschr., 1938, ^5.*1173; see also Grozin: Amer. Jour. Ris. 
Children, 1939, 57:564; Caussade: Rev. Med. de Nancy, 1939, 67:321. 

Smith, T-: Jour. Med. Res., 1907, ^6:359; Jour. Exp. Med., 1909, ii:24<l. 

^ von Behring: Deut. med. Wchnschr., 1913, 59:873. 

« Cf. Park: Jour. Amer. Med. Assn., 1922, 79:1584. 

For a detailed discussion of diphtheria toxoid see Ramon: Ann. de Med., 1937. 
42:314; Ann. Inst. Pasteur, 1939, 62:5. 
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is best restricted to children under twelve years of age. Reactivity may be 
tested for by the intradermal injection of toxoid — the Moloney test 

Toxoid-antitoxin floccules (the precipitate coming down at the optimal 
antigen-antibody ratio) have been used in England to a considerable ex- 
tent. There is, presumably, a partial purification of the toxoid by precipi- 
tation with antibody .45 xnaterial and toxin-antitoxin floccules have 

not been widely used in the United States. 

Alum- Precipitated Toxoid . — It has been found^® that toxoid precipitated 
with potassium alum (small amounts, 1 to 2 per cent, are required) is 
superior as an immunizing agent to ordinary formol toxoid. Present prepa- 
rations are treated with charcoal prior to alum precipitation to remove 
color and extraneous nitrogenous material.^^ The precipitate is insoluble 
(it may be redissolved in sodium citrate or sodium tartrate) and remains 
in the subcutaneous tissue for a considerable period of time, thus providing 
a prolonged antigenic stimulus. It was first thought that a single injection 
of this material was sufficient to provide a solid immunity; some of the 
early reports indicated that 90 to 95 per cent of Schick-positives became 
Schick-negative as a consequence of a single injection. The administrative 
advantages of a single injection are, of course, obvious. It has become in- 
creasingly clear in recent years, however, that a single iniection is not suffi- 
cient; as little as 11 per cent conversion has been reported. There is also 
a tendency for such Schick-negatives to revert to Schick-positives within 
a year or two, though why this should be the case is not at all clear. It 
seems established that a single injection is not sufficient but two injections 
provide a solid immunity. The primary dose should be not less than half 
the total toxoid given and may be as great as two-thirds of it.^® Alum 
toxoid has the same tendencies to produce xmtoward reactions in older 
persons that are observed with formol toxoid. 

Passive Immunity. — Susceptible, i.e., Schick-positive, individuals 
may be passively immunized to diphtheria by the injection of antitoxic 
horse serum or purified preparations of antitoxin. Such immunity is of 
relatively short duration and is not efl'ective for longer than two or three 
weeks at the most. Passive immunization is not so extensively practiced 
now as it formerly was but is, of course, indicated in the case of suscep- 
tible individuals who are directly exposed to the disease. Except on a small 
scale, as in a hospital ward, it is not practical to control epidemic diph- 
theria through passive immunization. 

The use of combined active-passive immunization in which both toxoid 
and antitoxin are given simultaneously, the former in protective amounts, 
has been of some interest. More recent work indicates that the passive 
protection conferred by antitoxin does not interfere seriously with the im- 
mune response though there is a period of low immunity, after the second 

^ For a discussion of this material see Watson, Taggart and Shaw: Jour. Path. Bact., 
1941, 55:63. 

Glenny, Pope, Waddington and Wallace: Jour. Path. Bact., 1926, 29:38. 

For details of preparation see Barr, Pope, Glenny and Linggood: Lancet, 1941, 
if:301. 

48 Cf. Bousfield: Brit. Med, Jour., 1943, p. 706. 
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or third week, after the passive protection has been exhausted. A second 
inoculation of toxoid is, of course, highly desirable.^® 

» The Therapeutic Use of Antitoxin . — Serum therapy in diphtheria is 
more successful than in any other disease, and there is no question of its 
efficacy in reducing the case-fatality rates. As in the case of tetanus and 
botulism, the therapeutic administration of antitoxin cannot bring about 
repair of tissues already damaged by toxin. Early administration is, there- 
fore, essential, and there is progressive increase in the case-fatality rate 
with each day’s delay. Park advises in mild cases 3000 to 5000 units, in 
moderately severe cases 10,000 units, and in severe toxic cases 20,000 units 
or more in adults and 10,000 to 20,000 in children. There is no limit, be- 
yond the volume, to the number of units that may be safely injected. 
Antitoxin is generally administered intramuscularly but in severe cases 
may be given intravenously. It is completely ineffective when given by 
mouth. 

Of considerable practical significance is the concentration of antitoxin, 
since the volume injected is a limiting factor. Usually horse serum contains 

SUSCEPTIBILITY OF VARIOUS AGES TO DIPHTHERIA 


(As Indicated by the Schick Test) Susceptible, 

Age Per Gent 

Under three months 15 

Three to six months 30 

Six months to one year 60 

One to two years 70 

Two to three years 60 

Three to five years 40 

Five to ten years 30 

Ten to twenty years 20 

Over twenty years 12 


500 to 700 units per cc. and exceptionally 1000 to 1500. Concentration of 
the antitoxin by salting out and other procedures is generally practiced, 
for, although some antitoxin is lost in the process, the concentration is 
increased with a corresponding reduction in the volume to be injected. 

Epidemiology.®^ — The epidemiology of diphtheria is considerably bet- 
ter imderstood than that of any other disease, in part because the causative 
agent can be isolated with relative facility from infected individuals, and 
in part because the Schick test allows the differentiation of the immunes 
and the non-immunes. As in the case of other respiratory diseases, infectious 
material leaves the body in the secretions of the nose and throat, is trans- 
mitted from man to man by contact or infective droplets, and enters the 
body via the mouth and nose. Furthermore, the diphtheria bacillus is dis- 
seminated not only by persons with the disease but also through the agency 
of healthy carriers in whom there is no clinical evidence of infection. Unlike 

See Dowuie, Glenny, Parish, Smith and Wilson: Brit. Med. Jour., 1941, p. 717; 
Phair and Root: Amer. Jour. Hyg., 1942, 55.-377. 

50 For a critical discussion of the epidemiology of diphtheria during the past forty 
years see Russell: Med. Res. Council (Great Britain), Spec. Rept. Ser. No. 247, 1943. 
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many of the diseases of the respiratory tract, however, diphtheria is an 
immunizing disease and prolonged or repeated contact with the bacillus 
frequently results in the development of a solid immunity to the disease 
in its clinical manifestations. 

Imrnunity and Susceptibility , — Schick testing indicates that while sus- 
ceptibility is low in the first six months of life, the proportion of Schick- 
positives increases rapidly and is at a maximum in children under four or 
five years of age, then gradually declines until 80 per cent or thereabouts 
of adults are Schick-negative. (See the accompanying table.) The initial 
immunity of the very young is passively transferred from the mother and 
is not of long duration. The increase in the proportion of immunes, how- 
ever, is by no means entirely a result of recovery from clinical diphtheria, 
and the question arises as to how these individuals acquire an active 
immunity. 



Fig. 133. — ^The seasonal incidence of diphtheria. Averages of reported cases by months for 
the years 1930 to 1938 inclusive. Data from Supplements to Public Health Reports. 


Carriers . — ^As indicated above, healthy individuals may harbor virulent 
diphtheria bacilli in their throats. These carriers need be neither immxmes 
nor convalescents and are, for the most part, casual carriers. There is no 
precise information concerning the duration of this transient carrier state; 
it may possibly he about two weeks. The proportion of carriers has been 
investigated by a number of workers. In a study of Baltimore school chil- 
dren, Doull and Fales^^ foxmd an average carrier rate of 2.32 per cent from 
November to May. On the basis of this Frost, has estimated the carrier 
incidence in the five to fourteen age group in that city to be 2538 per 10,000. 
At this rate 75 per cent of the population becomes infected at least once 
in five years, 95 per cent in ten years, and over 99 per cent in fifteen years, 
while very considerable proportions would suffer repeated infections, the 
average being 2.5 infections per person in ten years. Others have recorded 
considerably higher carrier rates; Dudley®^ has reported 6.6 per cent in a 

Doull and Fales: Amer. Jour. Hyg., 1923, J.*604. 

Frost: Jour. Prev. Med., 1928, 2.'325. 

Dudley: Jour. Hyg., 1932, 52.-193- 
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boys’ school, and repeated swabbings showed that at least 40 per cent 
carried the diphtheria bacillus at one time or another during the yearly 
period. 

There is, it appears, ample opportunity for contact with virulent diph- 
theria bacilli, and there is every reason to suppose that the increasing pro- 
portion of Schick-negatives in the progressively higher age groups is a 
consequence of an active immune response to the presence of these micro- 
organisms in the nose and throat. It may be noted parenthetically that a 
similar situation may very likely prevail in certain other diseases in which 
technical difficulties have prevented its demonstration. 

It may be asked why contact with virulent diphtheria bacilli does not 
result in clinically apparent infection more often. The production of dis- 
ease is, of cotuse, dependent upon the balance between virulence and 
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Fig. 134. — ^The prevalence of diphtheria in the Registration Area since 1900 as indicated 

hy the micorrected death rates. Frona data compiled by the Bureau of the Census. 

resistance, as pointed out in an earlier chapter (Chap. 8). Climate appears 
to be of some importance, for the proportion of Schick-negatives in tropical 
countries is quite as high as in the temperate zones yet clinical diphtheria 
is much less common. Racial factors may be involved also, for in the Balti- 
more studies the carrier rate in Negroes was not significantly different 
from that in whites, yet the morbidity rate for the former was much lower. 

The opportunities for the transmission of infection from person to person 
are reflected in both the morbidity and the mortality rates. There appears, 
for example, to be a direct relation between school attendance and the 
incidence of diphtheria, and the deaths from this disease tend to be con- 
centrated in the preschool age group with increasing urbanization. 

The Control of Diphtheria. — It will be obvious from the above con- 
siderations that diphtheria is widely disseminated in the human popula- 
tion and cannot be controlled by the isolation of carriers or, except in a 
strictly limited sense, by quarantine of cases. The control of diphtheria 
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is entirely a matter of immunization and, if a sufficiently large proportion 
of the susceptible population is rendered immune, the prevalence of clin- 
ical diphtheria should decrease. Godfrey^ has found that the immunization 
of 50 per cent or more of the children of school age, five to fourteen years 
of age, did not produce a fall in the incidence of diphtheria in a number 
of large American cities, but that when 30 per cent or over of the preschool 
chilc^en were inamunized there was a definite reduction in the incidence 
of diphtheria not only among these children but in the community as a 
whole. Immunization confers a marked, though not absolute, protection 
in the individual case, of course, and it would appear best from both the 
individual and group points of view that immunization be effected early. 

To what extent prophylactic inoculation and the therapeutic use of 
antitoxin have influenced the decline in diphtheria shown in Fig. 134 is 
problematical. The disease was endemic during the first half of the nine- 
teenth century though showing increasing epidemic tendencies. Between 
1850 and 1860 a great pandemic developed, apparently from a focus in 
France, which swept over the world. A high mortality was maintained for 
twenty-five or thirty years, then around 1885 a decline set in which has 
continued to the present. Immunization was not generally practiced until 
about 1920, though antitoxin therapy began somewhat earlier. RusselP® is 
of the opinion that the decline in certain areas, such as New York, in which 
active immunization has been extensively applied is more rapid than could 
be expected from the trend of pre-immunization years, and attributes this 
increase to prophylactic inoculation. In general, however, the trend does 
not appear to be markedly affected. The decline in diphtheria mortality 
in the large cities of the United States has proceeded rapidly and the rates 
are considerably less than for the country as a whole; since 1939 the rate 
has been less than 1.0 per 100,000, the 1942 rate was somewhat higher, 
0.70, than that of 1941, 0.56, and the rise is attributed to increased travel 
in part.®® 

THE DIPHTHEROID BACILLI 

Bacilli morphologically similar to the diphtheria bacillus, but which do 
not produce toxin and are apparently quite harmless, are frequently ob- 
served in the throat. These bacilli were observed by Loffler and by von 
Hofmann-Weflenhof®® and are generally designated as Hofmann's bacillus, 
C. hofmannii, G. pseudodiphtheriae (Bergey) or the pseudodiphtheria bacilli. 
These microorganisms differ from the diphtheria bacillus in that they are 
somewhat shorter and plumper, do not show the presence of metachromatic 
granules, and do not ferment dextrose. They are non-pathogenic for ex- 
perimental animals. 

Diphtheroid baciUi isolated from a form of conjunctivitis known as xero- 
sis have been termed C. xerose and have been supposed by some to be 
causally associated with this affection. It is probable, however, that this 
bacterium is present as contamination and is not the cause of this disease. 

Godfrey: Amer. Jour. Pub. Health, 1932, 22.*237. 

Jour. Amer. Med. Assn., 1943, i22:1079. 

von Hofmann-Wellenhof: Wien. med. Wchnschr., 1888, 55:65, 108. 



568 Corynehacterium {The Diphtheria Bacillus) 

It is thought by some workers to be identical with Hofmann’s bacillus. 
Another diphtheroid bacillus, C. acne, has been isolated from acne pustules, 
biit here again there is no evidence to support the assumption of a causal 
relation. C. acne stands apart from the other bacilli of this group in that 
it is microaerophilic and grows profusely under anaerobic conditions, with 
the formation of a pink pigment. 

Other diphtheroid bacilli have been found associated with diseases of 
lower animals. C. pyogenes is associated, probably causally, with a variety 
of suppurative infections of domestic animals, including cattle, sheep, 
goats and pigs. It produces a weak soluble toxin immunologically distinct 
from diphtheria toxin.®’’ Another diphtheroid bacillus, C. ovis, or the Preisz- 
Nocard bacillus, is pathogenic for sheep and horses, in which animals it 
produces lesion of “pseudotuberculosis,” and forms a weak soluble toxin 



Fig. 135 . — Corynehacterium hofmannii; smear from pure culture stained with alkaline 
methylene blue. Note the irregular staining, club-shaped forms, and general close 
resemblance to C, diphtheriae. X 1050. 


distinct from diphtheria toxin. Still another species, C. murisepticum, pro- 
duces a septicemia in mice and is apparently pathogenic for no other 
animals. 

A variety of other diphtheroid bacilli have been described, none of which , 
is of any pathological significance. The diphtheroid bacilli found in the 
human throat, however, may be confused with the diphtheria bacillus 
and hence assume some significance in this connection. As indicated above, 
granular forms do not occur, or at best only infrequently; these bacilli are 
pleomorphic but not to the same degree as the diphtheria bacillus. No 
absolute distinction can be made on morphological grounds, however, and 
the diphtheria bacillus must be identified by the virulence test, the forma- 
tion of diphtheria toxin specifically neutralizable by diphtheria antitoxin. 

®’'This badllus has recently been thoroughly studied by Lovell: Jour. Path. Bact., 
1937, 45:339; ibid., 1939, 49:329; ibid., 1941, 52:295. 
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MYCOBACTERIUM 

Order: Actinomycetales. Family: Mycohacteriaceae, Genus: Mycobacterium. Slender 
rods, straight or curving, sometimes irregular in form with slight or occasional branching. 
Stain with difi&culty but r^ist decoloiization with mineral acids, f.e., are acid-fast. Gram- 
positive, non-motile, non-spore-fornaing, aerobic. Several species are pathogenic for 
animals. Type species: MycobcLcterium tuberculosis. 


TMs genus includes a number of species of related bacteria wMcb are 
most conveniently considered in three groups. The first includes the 
mam m alian tubercle bacilli, MycohcLcterium tuberculosis var. hominis and 
Mycobacterium tuberculosis var. bovisy and the avian tubercle bacillus, 
Mycobacterium avium. In the second group there are Hansen’s bacillus or 
Mycobacterium leprae, and the rat leprosy bacillus, Mycobacterium leprae 
murium. The third group is made up of Johne’s bacillus, or Mycobacterium 
paratuberculosisy and certain acid-fast bacilli isolated from cold-blooded 
animals, together with the saprophytic acid-fast forms. 

THE TUBERCLE BACILLI 

Tuberculosis is an old disease of man and is stiU one of the most wide- 
spread; about 75,000 persons die of tuberculosis in the United States each 
year. Its infectious nature was suspected by Fracastorius in the early part 
of the sixteenth century, and Villemin^ showed, in 1865, that the disease 
could be transmitted by the inoculation of tuberculous material. It was 
in 1882 that Koch^ demonstrated the tubercle bacillus by special staining 
methods, isolated and grew it in pure culture, and reproduced the disease 
by the inoculation of the bacilli. 

Morphology and Staining. — ^The tubercle bacilli are slender, some- 
times slightly curved rods 2 to 4 m in length and 0.3 to 1.5 m in breadth. 
They occur singly but are often found in small groups, sometimes in com- 
pact masses in which the individual baciUi cannot be distinguished. The 
bacilli of the human variety tend to be somewhat longer and more slender 
than those of the bovine type, but the morphology of both is v€iriable 
and no distinction can be made on this basis. The bacillary form is gen- 
erally retained in the tissues; in culture longer filamentous forms are some- 
times seen together with swollen or club-shaped cells resembling the 
diphtheria bacillus. Branched forms are present in cultures of the avian 
tubercle bacillus but are rarely seen in cultures of the mammalian bacilli. 
The occurrence of filamentous forms and true branching indicates the 
close relation of these bacilli to the higher fungi; hence the name Myco~ 

1 Villernin: Gaz. Hebdoin., 1865, 2 s^, p. 5. 

* Koch: Ber. klin. Wchnschr., 1882, i9:221. 
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bacterium and the placing of these microorganisms, together with the 
diphtheria bacillus, in the order Actinomycetales. 

The tubercle bacillus is non-motile and non-spore-forming and produces 
a capsular substance in artificial cultures, particularly when grown upon 
serum media. The granular structure of the individual cells is marked and 
particularly well shown in the electron-microscope photomicrograph on p. 
39. Vacuoles often occur in abundance and may even give the stained cell 
the appearance of a chain of cocci. The significance of the small, deeply 
staining bodies sometimes observed within the cells is not clear; they do 
not exhibit the enhanced resistance characteristic of spores. 

The tubercle bacilb cannot be stained by the usual staining methods 
that are effective with other bacteria, for there is a marked resistance to 
the penetration of dyes into the cell that is associated with the presence 



Fig. 136 . — Mycobacterium tuberculosis. Acid-fast stained smear of tuberculous sputum. 

X 1050. 


of relatively large amounts of unsaponifiable wax. The cells may, how- 
ever, he stained in two or three minutes by steaming carbol fuchsin or 
by prolonged (twenty-four to thirty-six hours) exposure to the dye at 
room temperature. Once stained, the bacilli are difficult to decolorize and 
resist the action of alcohol and dilute solutions of mineral acids and for 
that reason are termed “acid-fast.” They may be demonstrated in smears 
by the Ziehl-Neelsen method, in which the smear is stained with hot carbol 
fuchsin, decolorized with dilute acid, and counterstained with a dye of 
contrasting color. Methylene blue is most commonly used but some work- 
ers prefer other stains such as picric acid, Bismarck brown, etc.® Non- 
acid-fast bacilli may be observed in young cultures. 

More recently fluorescent microscopy has been applied in the detection 
of tubercle bacilli in sputum smears, concentrates and similar material. 
The smear is stained with carbol-auramine, a solution of auramine in 3 
per cent phenol, decolorized with acid alcohol, and examined in ultraviolet 

» Cf. Pottenger: Amer. Rev, Tuberc., 1942, 45.*558. 
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light. There is no counterstain. The ultraviolet irradiation need not be 
intense and a brilliant filament lamp with a blue ultraviolet-transmitting 
filter and an aluminum mirror suffice for use with the ordinary microscope.^ 
The tubercle bacilli retain the dye which fluoresces in ultraviolet light, 
and appear as brilliant yellow bacilli on a dark background. The use of 
cresol in concentration of the bacilli interferes *with the examination, for 
it fluoresces also. This staining method may also be used for tissue sections.® 
Auramine is retained by the tubercle bacillus in the same way that fuchsin 
is retained, i.e., by virtue of the presence of the acid-fast wax my colic 
acid, and bacilli rendered non-acid-fast by treatment with organic solvents 
no longer retain auramine.® Three to four times as many tubercle bacilli 
may be found in a given smear by fluorescent microscopy as by examina- 
tion of the conventional Ziehl-Neelsen stains, and this is presumably due 
to the greater retention of auramine.'^ 

The tubercle bacilli are gram-positive. Aniline gentian violet must be 
applied warm for two or three minutes. It has been suggested that the 
iodine solution plays no part in the retention of the stain as in the case of 
other gram-positive bacteria and the failure to decolorize is a consequence 
of the acid-fast nature of the cells.® 

Non-acid-fast but gram-positive granules, known as Much granules, 
were described by Much® as occurring in the material from cold abscesses 
and elsewhere in which acid-fast bacilli could not be demonstrated but 
which, nevertheless, proved to be infective. Considerable numbers of acid- 
fast bacilli, perhaps 100,000 per cubic centimeter, must be present, how- 
ever, before there is a reasonable chance of finding them in smears. Much 
maintained that these granules €ire viable and virulent and give rise to 
typical acid-fast rods. They have been observed by others but their sig- 
nificance is open to question. Some workers regard them as degeneration 
products. 

In broth cultures there is a thick, wrinkled skin of surface growth which 
tends to spread up the sides of the flask; masses of bacilli may become 
detached and sink to the bottom as a lumpy sediment. Growth on the 
surface of semisolid media is gener^y dry and granular with nodular, 
heaped-up areas. The human variety of the tubercle bacillus usually pro- 
duces a pale yellow or orange-yellow growth on serum-containing media 
and a creamy or white growth in the absence of serum. The bovine variety 
is not pigmented on serum media. Some avian strains give a faint pink- 
colored growth on egg media. A peculiar almond-like odor is often notice- 
able in cultures of these bacteria. 

Physiology. — ^The tubercle bacillus is an obligate aerobe and will not 
grow under completely anaerobic conditions. The mammalian varieties 

* For detailed discussions of the method and its application see Richards, Kdine and 
Leach: Amer. Rev. Tuherc., 1941, 44r255; Bogen: ibid., 1941, 44:267; Lind and 
Shaughnessy: Jour. Lab. Clin. Med., 1942, 27:531. 

® Cf. Grossman and Lowenstein: Jour. Lab. Clin. Med., 1943, 2^:1349. 

® Bekker and Tasman: Arch. f. Hyg. u. Bakt., 1941, 127:1. 

^ Richards: Science, 1941, 95:190. 

* Kretschmer: Jour. Lab. CUn. Med., 1934, ^9:350. 

9 Much: Beitr. kUn. Tuberk., 1907. 9:85. 
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grow best at 37° C. and not at all below 30° C. or above 42° C ; the op- 
timum temperature for the avian type, however, is 40 C. Growth is rela- 
tively slow, and four to six weeks are generally required for an abundant 
ffrowtli, although minute colonies appear in eight to ten days. Most strains 
of the avian type adapt themselves readily to culture on artificial media 
and in time are able to grow much more rapidly, but others remain slow- 

^^Tliubercle baciUus is difficult to cultivate upon primary isolation. 
Blood serum, coagulated by inspissation, was used by Koch, and this 
medium still remains one of the most satisfactory. Media containing eggs, 
either the yolk or yolk and white combined, glycerol, and sometimes dyes, 
are also used for primary isolation. Dorset’s egg medium is simply whole 
egg mixed with a Uttle water and coagulated in slant form by inspissation. 
Petroff’s medium, one which is widely used, consists of an infusion base 
to which eggs, glycerol and gentian violet have been added, and is steril- 



Fig. 137. — Colonies of the human variety of the tubercle baciUus, H-37 strain, on 
Lowenstein’s medium, five weeks* incubation. X 3. 

ized by inspissation. Lowenstein’s medium is more complex and contains 
egg, potato meal, bone marrow infusion, citrate, glycerol and asparagin. 
Glycerolated potato is used by the French workers. Corper’s medium is 
glycerolated potato with the modification that the pieces of potato are 
soaked for a short time in a solution of crystal violet before sterilization 
with the glycerol solution. The dye in this and Petroff’s medium serves 
to inhibit the growth of contaminating bacteria. 

The human variety of the tubercle bacillus grows more abundantly on 
ah of these media than does the bovine variety, and for that reason it is 
termed “eugonic” and the bovine type “dysgonic.” These two varieties 
also differ in that glycerol is markedly favorable to the growth of the 
human type but does not so affect the bovine type. It is not known why 
glycerol exerts this favorable effect; attempts to substitute related com- 
pounds such as isopropyl alcohol, propyl alcohol, glycol, trimethylene 
glycol and inositol have not been successful.^® Glucose, however, acts in 
Fernbach and Rullier: Compt. Rend. Soc. Biol., 1939, 
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much the same manner as glycerol. Egg-yolk has been reported^^ to con- 
tain a Hpoid growth factor, but this appears to stimulate rather than he 
essential to growth. Thiamin, pyridoxin and riboflavin do not stimulate 
growth.^2 

Growth occurs much more readily and upon simpler media after pri- 
mary isolation. The human tubercle bacillus grows well upon nutrient agar 
or broth containing glycerol (2 to 5 per cent) and has been cultivated in 
a variety of synthetic solutions. One of the best known of these is Long’s 
synthetic me^um which contains glycerol, aspeiragin, citrate and inor- 
ganic salts. The bovine type grows poorly or not at all on these media 
and is benefited only slightly by the presence of glycerol. The avian type 
of tubercle bacillus, however, grows better than the human type after a 
few transfers and good growth may be obtained on nutrient agar in the 
absence of glycerol. Like the human type, however, the avian bacillus 
grows much more profusely in the presence of glycerol. These cultural 
differences in the three types of tubercle baciUi are of httle significance 
in their early differentiation, for several transfers over a period of months 
are necessary before they are obvious. They are summarized in the table 
on p. 586. 

The biochemical reactions of the tubercle bacilli have not been studied 
at length. Growth occurs in milk, but no visible change is produced. Indol 
is said not to be formed. No acidity is developed in sugar broths, but it 
has been found by analytical methods that dextrose, eirabinose and some- 
times sucrose are utilized while lactose is not.^® Whether the oxidation 
proceeds to completion or whether formed acids are neutralized by liber- 
ated ammonia is not known. In glycerol broth, cultures of the bovine type 
become alkaline while those of the human type become slightly acid. It 
has been reported^^ that the source of alkali is the nitrogenous constituents 
of the medium, and acid is produced from glycerol but is further oxidized. 
All intermediate gradations occur, however, and no differentiation between 
the two types is possible on this basis. 

Chemical Composition, — ^The chemical composition of the tubercle 
baciUi has been more intensively investigated than that of any other bac- 
teria. These baciUi are of particular interest in this connection because of 
their high content of lipoidal substances which may make up as much 
40 per cent of the dry weight. Protein, a considerable proportion of which 
is nucleoprotein, makes up about half the dry weight and polysaccharides 
are found in relatively smaU amount.^® 

The lipoids have been studied at length by Anderson^® and his co- 
workers. In addition to neutral fat, two general types of material may be 
distinguished: 

(a) Phospholipoid, containing saturated and unsaturated fatty acids 

^ Boissevain and Schultz: Amer. Rev. Tuberc., 1938, .?5.*624. 

“ Heise and Steenken: Amer, Rev. Tuberc., 1941, 44:635. 

^3 Merrill: Jour. Bact., 1930, 20:235. 

Henley and LeDuc: Amer. Rev. Tuberc., 1939, 40:313. 

^ See the review of the protein constituents of the tubercle bacillus by Seibert: Bact. 
Rev., 1941, 5:69. 

w C/. Anderson: Physiol. Rev., 1932. 12:166; Cbem. Rev., 1941, 29:225. 
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including the well-known palmitic, linoleic and linolenic acids, together 
with two acids peculiar to the tubercle bacillus, phthoic acid, isomeric 
with cerotic acid, and tuberculostearic acid, isomeric with stearic acid and 
optically inactive. 

(h) An acid-fast wax, containing polysaccharides hydrolyzing to man- 
nose, arabinose and galactose; a soft wax which is a complex glyceride; 
and an unsaponifiable wax (acid-fast) made up of higher alcohols and in- 
cluding a high molecular weight saturated hydroxymethoxy acid termed 
mycolic acid^'^ and a higher alcohol designated phthioceroL 

Some of these su bstances appear to be physiologically active . The un- 
saponifiable acid-fast wax apparently stimulates the multiplication of 
undifferentiated connective tissue cells, and phthoic acid induces a pro- 
liferation of epithehoid cells.^^ Whether they are immunological ly active 
is not clear. It may be noted that a yellow pigment is found in the neutral 
fat which is designated phthiocol and is a hydroxynaphthaquinone which 
may be reversibly reduced at a relatively low potential.^® 

Polysaccharide mixtures, containing immunologically active and inac- 
tive 'substances, have been isolated from mammalian tubercle bacilli^® but 
their significance is not as yet understood. The protein constituents of the 
cell appear to be the most important immunologically and have been 
studied in connection with the preparation and activity of the various 
tuberculins which are considered in a later section. 

Resistance. — Although exhibiting much the same degree of resistance 
to heat as the vegetative cells of other bacteria, the tubercle bacilli are 
relatively highly resistant to drying, chemical disinfectants and other 
deleterious environmental influences, very likely as a consequence of their 
content of wax. In putrefying sputum the bacilli may remain viable for 
weeks or months and in dried sputum kept in a cool dark place for as long 
as six to eight months. Sputum that is completely dried, so that particles 
are capable of floating as dust in the air, may be infective for eight to 
ten days.^^ In dried sputum they may survive 100® G. for an hour but are 
killed in the usual way by moist heat. Phenol penetrates the bacilli only 
slowly and a 5 per cent solution requires twenty-four hours to kill the 
bacilli in sputiim. The action of other disinfectants is similarly retarded, 
and it may be noted that the hypochlorites have almost no effect on these 
bacteria. Tubercle bacilli, however, are readily killed by exposure to direct 
sunlight; bacilli from cultures are killed within two hours but in sputum 
may survive twenty to thirty hours of such direct exposure. 

Variation. — ^The variability of the tubercle bacilli has been studied 
extensively, particularly in recent years, but with inconclusive results. 
Colonial variants, thought by some to be analogous to the S and R vari- 
ants of other bacteria, have been observed, and it has been claimed by 
some workers that the S type is the more virulent, and by others tliat 

^^C/. Stodola, Lesuk and Anderson: Jour. Biol. CHem., 1938, i26:S0B; Lesuk and 
Anderson: Jour. Biol. Ghem., 1940, 136:603. 
i«C/. Sabin: Physiol. Rev., 1932, 12:141; Amer. Rev. Tuberc., 1941, 44:415. 

Ball: Jour. Biol. Chem., 1934, 106:616. 

See Menzel and Heidelberger : Jour. Biol. Chem., 1939, 127:221. 

For example, see Smith: Amer. Rev. Tuberc., 1942, 45:334. 
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virulence and colonial morphology are independent. It may be noted that 
the colonial morphology of the tubercle bacilli is, to a considerable degree, 
a transient adaptation to environmental conditions and prompt alteration 
of colonial appearance results on transfer to a different medium. For ex- 
ample, Steenken^^ has observed that colonies growing in the presence of 
ether extract of egg yolk are smooth and markedly different from the 
usual colonial type, but the effect is only a temporary physical one. The 
status of the S-R variation in the tubercle bacilli is, then, by no means 
clear as yet. 

Bacille Calmette-Guerin.- — A bovine strain of the tubercle bacillus was 
rendered completely avirulent by Calmette,2*,who cultivated it over a 
long period of time (230 transfers in thirteen years) on bile-glycerol- 
potato medium. This strain is designated B.C.G. {Bacille Calmette-Guerin) 
and has been of particular interest in connection with active immunization 
against tuberculosis. The nature of the change which resulted in the loss 
of virulence is completely unknown. The loss appears to be permanent 
and virulence does not reappear on transfer to ordinary media; Petroff,^^ 
however, has separated ‘Tough”* and “smooth” variants of B.C.G., and 
the “smooth” type proved virulent for guinea pigs. 

Life Cycles, — The pleomorphic tendencies of the tubercle bacilli, coupled 
with the occurrence of non-acid-fast rods in young cultures and the granu- 
lar elements described by Much, have been interpreted by a number of 
workers as indicative of a cyclic succession of morphologic types, or life 
cycle, through which these bacilli go.^ As pointed out in an earlier chapter 
(Chap. 6), the evidence for such developmental cyclesjs not definitive but 
rather a matter of interpretation. Whether swollen, missh^en cells, fila- 
mentous or branching forms and granular elements, such as those described 
by Much, are to be regarded as sexually reproducing forms, gonidia and 
the like, or as products of degenerative changes is as yet purely a matter 
of opinion. It may be noted that the objective evidence of micromotion 
pictures does not support the assumption of a complex life cycle in the 
development of the tubercle bacilli.^ 

Filterable Forms. — ^Associated by some with the concept of life cycles is 
that of the existence of tubercle bacilli in a filterable form or“ ultravirus.” 
There seems to be little doubt that some cultures or preparations of tu- 
bercle baciUi contain forms that may pass diatomaceous earth or unglazed 
porcelain filters, but whether these are dwarfed bacilli or fragments of 
bacilli with the power to regenerate, or whether they represent a distinct 
“phase” in the life history of the microorganisms has yet to be determined. 

Pathogenicity for Man. — In the United States in 1940 there were 
60,428 deaths from tuberculosis reported, 55,576 from respiratory tubercu- 
losis, non-respiratory infections accounting for a little over 8.3 per cent 

22 Steenken: Amer. Rev. Tuberc., 1940, 42:422. 

23 Cf. Calmette: Tubercle Bacillus Infection and Tuberculosis in Man and Animals 
(transL). Williams & WilMns Company. Baltimore 1923. 

24Petroff: Proc. Soc. Exp. Biol. Med., 1927, 24:632; Petroff, Branch and Steenken: 
ibid., 1927, 25:14. 

2s Cf, Sweany: Amer. Rev. Tuberc., 1928, 17:63; Kahn: Tubercle, 1930, 11:202. 

26 Wyckoff: Amer. Rev. Tuberc., 1934, 29:389. 
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of the deaths. Tuberculosis is among the first three leading causes of death 
in a relatively large portion of the life span (15 to 49) and holds first place 
in the 15-34 age group, second in the 35-39 age group, and third in the 
40-49 group. In 1939-1941 it accounted for 10.4 per cent of the white 
male, 22.9 per cent of the white female, 28.8 per cent of the non-white 
male and 37.8 per cent of the non-white female deaths.^^ Tuberculosis is 
clearly one of the great killing diseases of mankind. 

The mammalian tubercle bacilli, both bovine and human varieties, are 
pathogenic for man. The human type is practically always responsible for 
pulmonary tuberculosis in adults and is usually found in children also. 
The bovine variety may occur occasionally in pulmonary tuberculosis in 
children but is more often found in infections of other tissues. More than 
half of the cases of cervical adenitis and abdominal tuberculosis in children 
are infections with the bovine tubercle bacillus, and it has been estimated 
(1910) that this type was responsible for 6 to 10 per cent of the deaths 
from tuberculosis in young children; the percentage is probably lower now 
as a result of decreased incidence of tuberculosis in cattle in this country. 
Bovine tuberculosis is, then, a slight, possibly a negligible, factor in adults 
but is a serious matter in children under five years of age. Mixed infections 
with the two types of tubercle bacilli have been reported but are rare. 

The avian tubercle bacillus is, for all practical purposes, non-pathogenic 
for man, although a few instances of human infection have been reported. 
It has been supposed by some that Hodgkin’s disease, a granulomatous 
inflammation of the lymphadenoid tissues of the body, is an infection with 
avian tubercle bacilli, but this appears not to be true. 

Routes of Infection . — ^The tubercle bacillus may enter the body by way 
of the genito-urinary tract, the conjxmctiva, the skin, the alimentary tract 
and the respiratory tract. Primary infection of the genito-urinary tract is 
possible but, tmder natiual conditions, rarely occurs. Infection through 
the conjunctiva takes place readily under experimental conditions; its fre- 
quency under natural conditions is not known, for the cervical lymph 
glands, where the infection would first appear, are readily infected by other 
channels. Infection through the skin is relatively rare; whether the bacilli 
can penetrate the intact skin is uncertain, but they may enter through 
abrasions or other traumatic injuries. Primary infection of the skin gen- 
erally results in verruca tuberculosa (pathologist’s wart) or lupus vulgaris. 

Infection by the alimentary tract is a consequence of the ingestion of 
tubercle bacilli in infected food, most commonly milk, and occurs with 
considerable frequency in children. In the upper portion of the alimentary 
tract the bacilli enter the body tissues through the faucial, pharyngeal 
and lingual lymphoid follicles and first affect the upper cervical and retro- 
pharyngeal lymph glands. Tuberculous lesions of the tonsils, it may be 
noted, are not infrequent though rarely conspicuous. The stomach is rarely 
a portal of entry, but the bacilli penetrate the intestinal mucosa by way 
of Payer’s patches. 

The respiratory tract is the most frequent and most important route 
of infection with the tubercle bacillus. The coarser infectious particles in 
Yeniahalmy, Hillehoe and Palmer: Pub. Health Repts., 1943, 5^:1457. 
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inspired air are filtered out and deposited on the nasal, buccal and pharyn- 
geal surfaces and the bacilh, upon penetration, set up focal infections in 
the local lymphatic tissue. Fine droplets or particles of dust, however, 
may, and frequently do, enter the lungs directly. 

The Spread of Infection in the Body . — ^Tubercle bacilli are disseminated 
through the body from primary or secondary foci of infection by way of 
the lymph, the blood stream, or directly by extension along contiguous 
surfaces. Distribution via the lymphatics occurs more readily in children 
than in adults, and the bacilli may localize at almost any point but most 
commonly in the lymph nodes. Bacilli present in the thoracic duct may, 
of course, gain entrance to the blood stream. The blood stream may also 
be invaded directly through erosion of a vessel wall by a focus of infection. 
The bacilli are transported throughout the body by the blood and give 
rise to acute miliary or chronic disseminated tuberculosis. Spread by ex- 



Fig. 138. — ^Tubercle bacillus. Acid-fast stained smear of pus from a liver abscess in a 

rhesus monkey. X 1050. 


tension occurs most frequently in ulcerative pulmonary tuberculosis with 
the breaking down of foci of infection and the consequent presence of 
bacilli in the sputum. The pleura and pericardium may be invaded directly 
from a focus of infection in the lungs. The infection of such serous surfaces 
may be localized and fibrinous and result in adhesions, or may assume an 
acute noiliary form. Direct extension may also occur elsewhere, as from the 
kidneys to the ureters and bladder, or into the peritoneal cavity and ad- 
jacent areas from intestinal ulcers. 

It will be clear that practically every organ and tissue of the body 
may be invaded by the tubercle bacillus. Not all are invaded with equal 
frequency, however. Tuberculosis in man is most commonly the pulmo- 
nary form with a primary invasion of the apices, and over 90 per cent of 
the deaths from tuberculosis are due to the pulmonary type. Whether 
primary infection is a direct consequence of inhalation as believed by Koch, 
or whether it is in most cases of hematogenous origin following a prelim- 
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inary infection of the lymphatic system as urged by Calmette, is not alto- 
gether clear, but on the whole the evidence favors inhalation infection. 
Although pulmonary tuberculosis is by far the most common form of in- 
fection in adults, it is somewhat less frequent in children, but precisely 
how much less is not known with certainty. Pulmonary infection in chil- 
dren differs from that in adults in that the hilum glands are involved. 
Involvement of the lymphatics is frequent in children. The anatomical 
distribution of the lesions usually takes one or the other of two well-defined 
forms; in the one the lesions are found predominantly in the tr^.cheo- 
bronchial lymphatics, and in the other in the mesenteric lymph nodes. In 
general, children show a tendency toward generalized infection. 

Other tissues and organs are involved less frequently. The spleen, liver 
and kidneys are sometimes infected. Tuberculosis of the adrenals gives 
rise to Addison’s disease. Infection of the skin or lupus is not uncommon. 
Bone and joint tuberculosis is more common in children than in adults, 
and tuberculous meningitis is not infrequent in the young. It will be clear 
that tuberculous infection may take a variety of clinical forms. 

The Tubercle , — Lesions caused by the tubercle bacillus, in whatever 
part of the body they occur, usually possess a definite although not abso- 
lutely characteristic appearance and histological structure. Small nodules 
or tubercles, plainly visible to the naked eye, are so uniformly observed 
in aU advanced infections with the tubercle bacillus that their presence 
has given the name to the disease. The young tubercle probably originates 
from the fixed cells surrounding the invading bacilli. By the proliferation 
of the fixed cells, elongated “epithelioid” cells are developed in more or 
less definite concentric layers and come to form the substance of the tu- 
bercle. So-called “giant cells” or “foreign-body giant cells” soon appear 
in the developing tubercle which are huge multinuclear masses of proto- 
plasm thought by some to be especially distinctive of true tubercle forma- 
tion, though it is doubtful if this criterion can be maintained. Either they 
are produced by the fusion of a number of macrophages or they are of 
single-cell ori^n. While the formation of epithelioid and giant cells is 
going on, leucocytes, at first polymorphonuclear leucocytes and later 
lymphocytes, cluster around the periphery of the tubercle. Degeneration 
of the tubercle eventually sets in, the central portion becomes necrotic, 
and this is followed by caseation and then by softening of the caseous mass. 

In some cases calcium salts are deposited in the tubercle (calcification), 
converting it into a hard, dry, friable body which may become encapsu- 
lated and completely walled off from the surrounding tissues. In other 
mstances, however, this healing process does not take place, and there is 
instead an extension with coalescence and the formation of confluent masses 
that may reach a diameter of 4 or 5 cm. The erosion of a blood vessel may 
occur, and the discharge of large numbers of the bacilli into the blood 
stream leads to a general diffusion of small tubercles of the size of millet 
seeds (acute miliary tuberculosis). 

The early stages of tubercle formation, characterized by cell prolifera- 
tion and leucocytic infiltration, are probably a response to a chemical or 
mechanical stimulus caused by the presence of the bacilli ; the later changes, 
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leading to necrosis and caseation, may be attributed to the action of the 
bacterial products. The host becomes sensitized to the bacillary substance 
and the allergic response of the tissues is involved to no small extent. 

Predisposing Factors . — Few diseases are as completely dominated by 
predisposing factors as tuberculosis. Infection with the tubercle bacillus 
is exceedingly common, and there are few adults, particularly those living 
in cities, who escape. The proportion of individuals coming to autopsy 
who show evidence of infection is very high and has been reported as high 
as 97 per cent. Of the more recent reports, for example, Sweany, Levinson 
and Stadnichenko^^ have found 25 per cent of ten-year-olds, 55 per cent 
of twenty-year-olds, 80 per cent of thirty-year-olds, and over 90 per cent 
of individuals over :^ty years of age show calcified lesions of infection. The 
bacilli, then, are present in the great majority of adults and- also in many 
children, but the development of clinical tuberculosis is restrained by the 
non-specific resistance of the host. Predisposing factors, therefore, are those 
which tend to interfere with normal physiological well-being and include 
such things as insufficient or unsuitable food, prolonged exposure to damp- 
ness, a sedentary life, chronic fatigue, etc. In the first World 'War the inci- 
dence of tuberculosis rose in this (see Fig. 141) and other countries, and 
in the second World War the same tendency was again apparent in Eng- 
land.^® In both man and animals tuberculosis is a disease associated with 
confinement, of men in houses and cattle kept in stables. The opportuni- 
ties for transmission of the infection are, of course, much greater in com- 
murdty life. 

There is a marked occupational predisposition to tuberculosis in the 
dusty trades, and the constant inhalation of almost any kind of dust re- 
sults in an increased incidence of pulmonary tuberculosis. Silica dusts, 
however, appear almost specifically to predispose to tuberculosis and the 
incidence of infection in those constantly exposed to such dusts is much 
higher than that in the general population. 

It has long been suspected that there are familieil or hereditary tend- 
encies to tuberculosis in man. Resistance to infection in experimental 
animals is to some degree genetically determined, as pointy out elsewhere 
(p- 187), but the conclusive demonstration of a similar phenomenon in man 
is difficult owing to both a long generation time and the inability to carry 
out appropriate breeding experiments. The incidence of new infection in 
tuberculous families is, of course, considerably greater than in the general 
population, but whether this is a consequence of increased risk alone or in 
part of genetically determined factors is not clear. In any case the disease 
itself is not inherited and congenital tuberculosis rarely if ever occurs. 

The relation of childhood infection to clinical tuberculosis in the adult 
has been a matter of considerable interest, and it has been suggested that 
pulmonary tuberculosis of the young adult may, in many instances, be a 
consequence of the lighting up of an old infection. The evidence, however, 
is against this view, and it is probable that tuberculosis in the adult is a 
consequence of reinfection rather than of a flaring up of the healed or par- 

Sweany, Levinson and Stadnichenko : Amer. Rev. TuLerc., 1943, 45:131. 

Med. Res. Council (Great Britain), Si>ec. Rept. Ser., No. 246, 1942. 
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tially healed lesions from ehildhood infection. It is to be noted, however, 
that a considerable period of time, possibly years in some instances, may 
elapse between reinfection and the appearance of tuberculosis in clinical 
form. 

Bacteriological Diagnosis of Tuberculosis.^^ — Tubercle bacilli are 
discharged from the infected individual in sputum and urine and may be 
demonstrated in these materials, and in gastric washings, spinal fluid or 
infected tissues, depending on the location of the infection. Of specimens 
from these sources, those obtained by gastric lavage are of particular 
value in respiratory tuberculosis in children, who tend to swallow sputum, 
and are also useful in adult infections.®^ The presence of the bacilli may be 
shown either directly or after concentration by examination of stained 
smears, culture and guinea pig inoculation. 

As a rule, some method of concentration is desirable, for not less than 
100,000 bacilli per ml. must be present before there is a reasonable chance 
of finding them by microscopic examination. Because of the unusual resis- 
tance of the tubercle bacillus, the infected material can he treated with an 
equal volume of 3 per cent sodium hydroxide, or with antiformin (a pro- 
prietary preparation of hypochlorite) in final concentration of 15 per cent 
for fifteen to thirty minutes without killing them. The digested material 
is neutralized in the case of alkali treatment, centrifuged, and the sediment 
used for the preparation of smears and to inoculate guinea pigs and culture 
media. Chemical flocculation with alum or ferric chloride is desirable with 
specimens such as urine or spinal fluid, and may be applied to digested 
material to facilitate spinning out of the bacilli. A flotation method of 
concentration may he used which consists of dilution of the digested mate- 
rial with water and shaking with a hydrocarbon such as xylol or gasoline ; 
the creamy layer separating out on standing is smeared and stained. 

Smears are usually stained by the Ziehl-Neelsen method; fluorescent 
microscopy is of sufficiently recent development that it is not yet widely 
used though it may well become generally adopted. The demonstration of 
acid-fast bacilli allows a provisional diagnosis but does not indicate whether 
the bacilli were viable, or whether they are virulent tubercle bacilli. Their 
presence in urine specimens in particular must be interpreted with caution 
because of the frequent occurrence of the smegma bacillus which is also 
acid-fast. 

Guinea pigs are inoculated in the groin or in the muscle of the thigh. 
If a reasonable number of tubercle bacilli have been inoculated, enlarge- 
ment of the regional lymphatics may be noted in two or three weeks, the 
pig becomes emaciated by four to six weeks and usually dies not long after. 
With very small numbers of bacilli evidence of the infection may be de- 
layed two or three weeks longer. If it is not obviously ill or does not die, 
the animal should be kept for eight ^v^eeks before sacrificing. At autopsy 
the regional lymph nodes will be found to be enlarged and filled with case- 

F or the mmhnum laboratory standards set up by the American Trudeau Society, 
given in tec^cal detail, see Amer. Rev. Tuberc., 1942, 45:103. 

Cf, Davies and Doherty: Brit. Med. Jour., 1942, p. 212; Robinson and Dunn: Amer. 
Rev. Tuberc., 1943, 47:413. 
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ous material. Necrotic areas in the spleen and liver are characteristic of 
the gross pathology in this animal; tubercles are seldom seen, and the 
lungs are only slightly affected and the kidneys almost never. Tubercle 
bacilli may be cultured from the lesions and found in acid-fast-stained 
smears. Some workers tuberculin-test the animals before inoculation and 
three to four weeks afterward, the development of a hypersensitivity indi- 
cating infection. If differentiation of the human and bovine varieties of 
the bacillus is desired, rabbits may be inoculated (see p. 586). 

The culture of tubercle bacilli, carried out concurrently with animal 
inoculation, is becoming quite general and some workers feel that it is as 
sensitive as guinea pig inoculation.®^ As indicated earlier, a variety of media, 
containing glycerol and egg, may be used, the particular medium varying 
from one laboratory to another. A slant is inoculated heavily with the sedi- 
ment from the digested specimen and the tube sealed with a cork or by 
dipping the end in hot paraffin to prevent evaporation. Characteristic 
colonies of tubercle bacilli appear after about three weeks’ incubation. 

Immunity. — ^The immune response of the animal body to the presence 
of the tubercle bacillus is indicated by the appearance of agglutinins, pre- 
cipitins, opsonins and complement-fixing antibodies in the serum. This 
response is not marked, however, for these antibodies are present only to 
low titers. None of them, with the possible exception of the complement- 
fixing antibodies, is of diagnostic value.®® 

The most striking immune response is the development of a hypersensi- 
tivity to the baciQary cell substance. Within limits, this allergic response 
is protective against reinfection, as shown by Koch’s®^ early experiments. 
He showed that the subcutaneous inoculation of the normal guinea pig 
with tubercle bacilli produces no immediate response but that in ten to 
fourteen days a nodule develops which breaks down to a persistent tuber- 
culous ulcer and the regional lymph glands become swollen and caseous. 
In the tuberculous animal, however, an indurated area appears within a 
day or two, and there is slight necrosis with the formation of a shallow 
ulcer which heals promptly without the development of gross tubercle 
tissue or the invasion of the adjacent- lymphatics by the bacilli. This re- 
sistance to reinfection is relative, of course, and is not shown unless the 
primary infection is of some weeks’ standing or if large numbers of bacilli 
are injected. Animals may be sensitized, not only by infection with virulent 
bacilli, but also by the inoculation of attenuated or killed bacilli. Sensiti- 
zation with preparations of the bacillary cell substance is difficult, however, 
eind very large doses must be administered. The hypersensitivity is not 
passively transferable, and thereby differs from anaphylaxis. 

Tuberculin .^ — The sensitized animal will react to the soluble cell sub- 
stance of the tubercle bacillus, preparations of which have been called 
tuberculin. Tubercuhn is usually prepared from the human type of tubercle 
bacillus, though bovine tuberculin is practically as active as human tuber- 

32 See, for example, Petran and Perry: Jour. Lab. Clin. Med., 1939, 24:539. 

33 Cf. EJopstock: Brit. Jour. Tuberc-, 1941, 55:146. 

3^ Koch: Deut. med. Wchnscbr., 1891, f 7:1 01. 

3® Cf. the discussion by Parish: Tubercle, 1938, f9:337. 
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culin in infections with the human bacillus; avian tuberculin, although 
considerably less active, will also produce a reaction. A variety of tuber- 
culins have been prepared of which only a few need be noted here. The first 
of these was made by Koch,^® and consisted of the filtrate of a glycerol- 
broth culture of the bacilli concentrated by evaporation on a water bath 
to about one-tenth its original volume (the activity is heat-stable). This 
material is ‘‘original” or “old” tuberculin (TO or OT). A “new” tuberculin 
(TR — tuberculin residuum) was prepared by Koch in 1897®^ by macerating 
living virulent bacilli and extracting the mass with water, and then making 
an emulsion of the residuum. He later®® advocated the use of an emulsion 
(BE — bacillary emulsion or Bazillenemulsion) of the entire substance of 
young virulent bacilli in 20 per cent glycerol, actually a vaccine. Denys®® 
introduced the use of the unaltered filtrate from broth cultures (BF — 
broth filtrate). None of these later innovations, however, proved to be 
superior to old tubercuhn and the original preparation, or slight modifica- 
tions of it, has been widely used. 

The active principle of tuberculin is protein in nature, and the culti- 
vation of the tubercle bacillus in glycerol-asparagin-citrate synthetic solu- 
tions by Long and Seibert^® has made possible the study of the active 
principle in purified preparations. The activity is associated with a number 
of protein fractions, one of which Seibert prepared in crystalline form. A 
more satisfactory preparation of low molecular weight, ca. 2000, has been 
isolated by Seibert by precipitation with trichloracetic acid. Originally 
designated SOTT (synthetic medium old tuberculin trichloracetic acid 
precipitated) , it is now known as PPD (purified protein derivative) 

The comparative merits of OT and PPD have been the subject of a 
series of investigations in recent years. OT is relatively unstable in dilu- 
tions, while PPD, a dry powder, is “dry-diluted” with lactose and is, of 
course, indefinitely stable in this form. Different lots of OT vary somewhat 
in their activity; the activity of PPD preparations is relatively constant. 
It appears that PPD is quite as satisfactory as OT in actual use and, be- 
cause of its stability and constant activity, is regarded by many as superior 
to OT. 

The Tuberculin Reaction .^^ — Three types of reaction may be elicited in 
the sensitized, i.e., infected, animal by the injection of tuberculin. In addi- 
tion to a local inflammatory reaction at the site of inoculation, there is 
a focal reaction manifested as an acute congestion around tuberculous foci 
which, if marked, may aggravate the pathologic process, and a constitu- 
tional reaction in which the temperature rises to a peak of 102° to 104° F. 
and subsides in twelve to eighteen hours. In man the constitutional reaction 
also includes malaise, pain in the limbs and, perhaps, vomiting, dyspnea 

3® Koch: Deut. med, Wchnschr., 1890, ^6:1029; ibid., 1891, 17:101, 1189. 

37 Ibid., 1897, 25:209. 

38 Ibid., 1901, 27:829. 

39 Denys: BxiU. m6d. Paris, 1906, 20:772. 

Long and Seibert: Ajner. Rev. Tuberc., 1926, i5:393. 

See the reviews by Seibert: Amer. Rev. Tuberc., 1941, 44:1; Bact. Rev., 1941, 5:69. 

^ See the general comprehensive discussion by Long: Amer. Rev. Tuberc., 1939, 
46:607. 
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and other symptoms. These reactions do not appear in normal animals. 
The utility of tuberculin is, then, two-fold; it may be used for diagnostic 
purposes and it has therapeutic value, though the latter is strictly limited. 

The diagnostic tuberculin test in man is generally a skin test. Koch’s 
original method consisted of subcutaneous injection of tuberculin. The 
cutaneous reaction of von Pirquet^^ invoives the rubbing of tuberculin on 
to the scarified skin. In the Mantoux^^ test, the one most commonly used 
today, graded doses of tuberculin are injected intradermally, usually start- 
ing with 0.01 mg. of OT and going as high as 1.0 mg. or even 10 mg. on rare 
occasions. (0.1 cc. of a 1:100 dilution of OT is supposed to contain 1 mg.; 
the standardization of new batches is biological and carried out in guinea 
pigs infected with virulent tubercle bacilli.) Smaller amounts of PPD are 
used, since it is in dry, pure form; usually 0.00005 to 0.005 mg. A “patch 
test” has been introduced by Vollmer^ in which squares (0.8 cm.) of thin 
filter paper, impregnated with tuberculin about four times as strong as the 
original old tuberculin and dried, are taped on the cleansed skin over the 
sternum or upper edge of the trapezius. The patch test appears to be some- 
what less sensitive than the intracutaneous test of Mantoux. Since these 
are all skin tests only the local inflammatory reaction is observed in in- 
fected persons. 

The diagnostic value of the tuberculin test in man is limited to young 
children, in whom it may be regarded as indicative of tuberculous infection. 
Once reactive to tuberculin, an individual generally remains reactive 
throughout life, although there are occasional reversions, and a positive 
tuberculin test has little significance in the adult. It may be noted that 
some work has indicated that the correspondence of a positive tuberculin 
reaction and either healed or clinically significant tuberculous infection 
may not be as close as is generally believed.^® 

The tuberculin test in cattle has great diagnostic importance, however, 
and has been widely used in the United States and to a lesser extent else- 
where. Three types of test may be used in cattle: the intradermal test; 
the ophthalmic reaction of Calmette, in which tuberculin is dropped into 
the conjunctiva and the reactive animal responds with the development 
of a diffuse congestion and edema in six to eight hours which fades away 
in twenty-four to thirty-six homs; and the constitutional reaction as indi- 
cated by a rise in temperature following the injection of tuberculin. The 
intradermal inoculation into the skin of the caudal fold is generally prac- 
ticed in this country. 

The therapeutic value of tuberculin may be directly observed in lupus 
or tuberculous infection of the skin. As indicated above, there is a reaction 
about the foci of infection manifested as an acute congestion and slough- 
ing off of tissue. When it was first introduced tuberculin was regarded by 

^ von Pirqnet: Ber. klin. Wchnschr., 1907, 4^:644, 699, 

^Mantoipc: Pr. m6d., 1910, 18:10. 

^ Cf. Volmer and Goldberger: Amer. Jour. Dis. Children, 1937, 54:1019; ibid., 1938, 
56:584; ibid., 1939, 57:1272; ibid., 1939, 56:527. 

Lumsden, Dearing and Brown: Amer. Jour. Pub. Health, 1939, 29:25; Dahlstrora: 
Amer. Rev. Tuberc., 1940, 42:471. 
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many as a highly effective specific therapeutic agent for tuberculosis. Its 
use is, however, exceedingly dangerous, and, with the exception of lupus, 
the response of tuberculous infection to the injection of tuberculin has 
been disappointing. The therapeutic use of tuberculin has diminished 
greatly in recent years. It may be noted that the minute quantities used 
in the tuberoulin test do not affect tuberculous lesions. 

The Mechanism of Immunity , — Infection with the tubercle bacillus 
confers a definite protection against reinfection, an “immunity to super- 
infection” resembling that observed in syphilis. The factors involved are 
as yet obscure. The antibodies produced are apparently not significant 
and antisera have no protective or curative properties. As indicated above, 
the development of hypersensitivity is the rnost obvious response to in- 
fection, and there is no doubt that hypersensitivity plays a part in acquired 
resistance as indicated in Koch’s early experiments. Its relative importance 
is, however, not at all clear, and the mechanism of what seems to be a 
low-grade immunity of short duration remains at the moment largely a 
matter of speculation. • 

Active Immunization , — The possibility of active immunization to tuber- 
culosis has been of great interest since the discovery of the tubercle bacillus. 
In general, two types of vaccines have been employed, suspensions of living 
attenuated bacilli and suspensions of killed bacilli. 

The attenuated strain of the bovine tubercle bacillus, B.C.G., is regarded 
by some as an effective immunizing agent. Very young children are inocu- 
lated, preferably within a few days of birth, with suspensions of living 
bacilli. Such inoculation has been carried out on a wide scale in France 
and, to a very limited extent in this country, by Park and his associates 
in New York City. Since the incidence of tuberculosis is not great, an ade- 
quate test of the efficacy of such vaccination demands repeated observa- 
tions on thousands of persons, both inoculated and control groups, over a 
period of years. In spite of the obvious practical difficulties, the French 
workers^® claim that the incidence of tuberculosis in inoculated persons is 
significantly decreased. The statistical evidence on which this conclusion 
is based has been found, however, to be open to considerable criticism and 
is regarded by many as of little value. In general, it may be said that as 
yet no soxmd evidence involving adequate arid comparable control groups 
has been presented, and the value of B.G.G. as an immunizing agent re- 
mains doubtful. 

Perhaps to be regarded in the category of attenuated living bacilli is 
the “turtle bacillus” vaccine of Friedmann.”^^ This microorganism, Myco- 
bacterium chelonei, is of the “cold-blooded” variety and was isolated from 
a turtle. It is quite ineffective as an immunizing agent and is of only his- 
torical interest. 

Suspensions of killed tubercle baciUi have been used in the immunization 
of cattle and experimental animals. The recently developed Spahlinger 
vaccine^^ is of this type. Although the resistance of guinea pigs and cattle 
appears to be raised by inoculation, the “immunity” so produced is of a 

Cf. Friedmarm and Axonson: Jour. Inf. Dis., 1929, 44:222. 

Spahlinger: Lancet. 1932, /:309. 
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very low order. The inoculation of human beings with suspensions of 
killed bacilH has not been attempted on a large scale. 

Pathogenicity for Lower Animals. — Tuberculosis of lower animals 
living under natural conditions is probably very rare. Animals in captivity, 
however, may contract the infection with some facility; in animals kept 
in zoos and in monkeys in the laboratory for experimental purposes tuber- 
culosis is not uncommon. Domestic animals may be similarly affected. A 
wide variety of animals may, of course, be infected experimentally with 
one or another of the types of tubercle bacilli. 

Domestic Animals . — The most commonly infected domestic animals are 
cattle, pigs and chickens. Cattle are infected with the bovine type of tuber- 
cle bacillus almost exclusively; they are not completely resistant to the 
human type as Koch originally thought, but infection is accomplished with 
some difficulty. The proportion of cattle infected increases wdth advancing 
age and, in the absence of control measures, may reach 70 to 90 and pos- 
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Fig. 139- — Avian tubercle bacillus. Acid-fast stain of a smear from a pure culture. X 1050. 


sibly 100 per cent in animals kept in stalls. The natural infection is gener- 
ally of a chronic, slowly progressive nature. The lymphatics are most fre- 
quently involved and may be the only tissues to show lesions. The lungs 
are also commonly affected. Lesions on the pleura have a pecuhar charac- 
teristic appearance, the so-called “perlsucht” disease. The liver, spleen 
and kidneys are less frequently involved, but infection of the mammary 
glands is not uncommon. It may be noted that tubercle bacilli may be 
excreted in the milk in the absence of detectable lesions of the mammae. 
Congenital tuberculosis in cattle occurs with some frequency. 

Tuberculosis in chickens is very common and is exclusively an infection 
with the avian variety of the tubercle bacillus. With the exception of par- 
rots and certain birds of prey, birds are highly resistant to infection with 
the human and bovine varieties, and it is probable that natural infection 

Cf. Report on the Spahlinger Experiments in Northern Ireland. H. M. Stationery 
Office. London. 1935. 
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with these types rarely if ever occurs. Tuberculosis in chickens is usually 
a chronic process and is characterized by the formation of nodules in the 
abdominal viscera. The lungs are less frequently affected. 

Pigs suffer from natural infection with both bovine and avian tubercle 
bacilli derived from infected cattle and poultry; they are also susceptible 
to infection with the human variety. In young pigs infection with bovine 
bacilli is generalized and acute with lesions in the lymphoid tissue, abdom- 
inal viscera and lungs. Infection with the human bacillus is generally local- 
ized, but the avian type may produce a generalized infection. 

Other domestic animals suffer from tuberculosis to a considerably lesser 
extent. Horses, dogs and cats are occasionally infected, and the disease is 
rare in sheep and goats. 

Experimental Animals .- — Experimental animals vary in their suscepti- 
bility to the varieties of the tubercle bacillus and in the type of infection 
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produced. Of these animals only two need be considered here, the guinea 
pig and the rabbit. The guinea pig is highly susceptible to both bovine 
and human baciUi, and death follows the subcutaneous injection, even of 
small doses, in six to fifteen weeks. The lymphatic glands, spleen and liver 
are most affected, the lungs only slightly and the kidneys never. The ne- 
crotic areas in the spleen and fiver are the most striking feature of the 
gross pathology and are peculiar to the guinea pig. True tubercles are 
seldom seen except in the very early stages of the disease. 

Rabbits are highly susceptible to infection with the bovine bacillus and 
cpiite resistant to the human variety, even more so than to the avian bac- 
illus. Injection of bovine bacilli produces a generalized infection that ter- 
minates fatally in two to three months. On autopsy tubercles may be found 
in the spleen and liver, but the lesions are most marked in the lungs and 
kidneys and may even be confined to them. Very large doses of human 
bacilli (10 to 50 mg. intrap eritoneally) may produce a progressive infection 
but never the acute fatal miliary disease. The mammalian tubercle bacilli, 
indistinguishable by cultural or serological methods, may, then, be sharply 
differentiated by their pathogenicity for these two' experimental animals. 

Neither rabbit nor guinea pig is particularly susceptible to infection 
with the avian bacillus though avian tuberculosis may be produced in the 
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rabbit. In the guinea pig death may be produced by large intraperitoneal 
doses, but on autopsy macroscopic tubercles are not visible; cultures and 
smears of the Hver and spleen, however, show the presence of the bacilli. 
This form of tuberculosis, the proliferation of the bacilli without macro- 
scopic tubercle formation, is known as the Yersin type of tuberculosis. 

Epidemiology. — In man tuberculosis is largely an air-borne infection. 
Dissemmation by milk is of relatively minor importance, particularly in 
the United States. The disease is one of civilization in that its transmission 
is facilitated by close contact. The frequency of positive tuberculin reac- 
tions rises rapi^y from zero in the newborn to perhaps 90 per cent or over 
at puberty, and, as indicated earher, almost all adults have been infected 



Fig. 140. — ^The age and sex distribution of tuberculosis mortality (all forms) in 1920 
and 1940. Note the differential incidence and decline over the twenty-year period- If 
differentiation between white and colored rates is made for 1940, the picture is almost 
the same, i.e., the colored rates are very similar to the 1920 rates for both white and 
colored. Data from the reports of the Census Bureau. 

at one time or another. The infection is, then, widely disseminated through 
the human population. In most instances, however, clinical tuberculosis 
has not occurred and the lesions have healed. The proportion of persons 
with active clinical tuberculosis is not known; in some investigations the 
ratio of cases to deaths has been found to be as high as 10:1 or 12:1, but 
the ratio of reported cases to deaths is not much more than half of this. 
The prevalence of tuberculosis, then, defies precise definition. 

There appear to be racial differences in susceptibility to tuberculosis. 
The death rate of the Negroes in this country is considerably higher than 
that of the white population, though the incidence of clinical tuberculosis 
in the two races is not greatly different. Whether this higher death rate is 
a consequence of environmental conditions or whether it is in part attribu- 
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table to racial differences in susceptibility has been a point of considerable 
interest. It is probable that both factors are involved and that there is a 
real racial difference in susceptibility. In this connection the experience in 
the United States Army is of particular interest. Roth®° has found that in 
the years 1922-36 the average white morbidity rate was 2.10 per 1000 and 
the Negro rate 2.56, a ratio of 4:5; the white death rate was 0.24 and that 
of the Negroes 0.99, a ratio of 1:4; and the case-death ratios were 8.75 
for the whites and 2.61 for the Negroes. Under the controlled conditions 
prevailing, i.e., preliminary physical examination, age and sex selection, 
the same housing conditions and identical diagnostic and therapeutic 
facilities, it would appear to be definitely established that though the in- 
cidence of clinical tuberculosis is no greater in the Negro, the disease is 
much more frequently fatal and the indicated greater susceptibility is a 
consequence of racial rather than environmental factors. There is some 
evidence that less well-defined races of man differ in their resistance to 
tuberculosis; Jews and Italians appear to be more resistant than the Irish 

(p. 188). 

The age and sex distribution of mortality from tuberculosis must be 
considered in relation to the decline in the disease rather than as isolated 
phenomena. That tuberculosis has been decreasing at a steady and rela- 
tively rapid rate since 1850 or thereabouts is indicated by the decline in 
the death rate from this disease. As shown in Fig. 141, the death rate from 
all forms of tuberculosis in the registration area of the United States has 
declined from 180.5 per 100,000 in 1900 to 43.0 in 1942, and a decline of 
this general order is apparent elsewhere. As in the case of some other dis- 
eases, the decline set in before the discovery of the bacterial etiology of 
infectious disease and the development of preventive measures, and hence 
is by no means entirely attributable to the practice of preventive medicine. 

This decline has not been relatively the same in either the various age 
groups or in the two sexes. The death rate is highest in the very low age 
groups, that of one to two years, and falls rapidly in the five to nine group 
and then rises to a peak in early adult life, twenty to twenty-four, and 
declines with, in recent years, a small secondary peak between forty-five 
and fifty-four years (late adult tuberculosis). This secondary peak is a 
relatively recent development and is regarded by Frost®^ as a residual of 
higher rates in earlier life rather than a postponement of maximum risk. 
The decline in tuberculosis in the present century has been relatively 
greatest in the very yoimg, an undoubted consequence of preventive 
measures. 

The sex distribution of the death rates from tuberculosis in the various 
age groups is a curious phenomenon which has not been explained. The 
death rate for males of all ages is somewhat higher than that for females. 
In young adults, i.e., the fifteen to twenty-nine age group, the female 
death rate is considerably higher than the male death rate. In the higher 
age groups the male death rate becomes proportionately greater and ex- 
ceeds the female rate for the rest of life. In the present century the female 

Roth: Amer. Rev. Tuherc., 1938, 38:197, 

Frost: Amer. Jour. Hyg., Sec. A, 1939, 30:91. 
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death rate in the higher age groups has declined somewhat more rapidly 
than the male death rate. The present status of the relation between the 
seX“Specific death rates may be illustrated by the ratio of male to female 
deaths in the United States registration area in 1931-34 as given by 
Dauer.®® For all ages the ratio of male to female deaths was 1.24, at ages 
under ten the ratio was 1.22, at ten to thirty years 0.69, at thirty to fifty- 
five years 1.64, and at fifty-five and over 1.57. (See Fig. 140.) 

Tuberculosis mortality has fallen at a more accelerated rate than deaths 
from all causes; in 1900 more than 11 per cent of all deaths were due to 
tuberculosis, in 1940 the percentage had fallen to 4.3. At the beginning of 
the century tuberculosis was first in numerical importance as a cause of 
death and it was seventh in 1940. Although the reported cases and deaths 



Fig. 141. — ^The prevalence of tuberculosis, all forms, in the Registration Area since 
1900 as indicated by the uncorrected death rates. From data compiled by the Bureau of 
the Census. 


have declined markedly, there has not been any appreciable alteration in 
the proportion of cases to deaths, i.e., the case-fataHty rate.®^ 

It will be clear that the observed decline in tuberculosis is a complex 
matter for which there is no simple explanation. Although unknown factors 
are undoubtedly involved, it appears highly probable that the environ- 
mental improvements implied in the more decent living of the last few 
decades have contributed in no small part to the decrease in tuberculosis. 
The early detection and isolation of cases practiced in recent years has 
very likely had its effect also. Frost®^ has pointed out that the observed 
decline is indicative of the inability of the disease to reproduce itself; a 
surplus of chances to establish infection are, of course, essential and the 

Dauer: Amer. Rev. Tuberc., 1938, 57.*435. 

Cf. Drolet: Amer. Rev. Tuberc., 1938, 37:125, 

Frost: Amer. Rev. Tuberc., 1935, 32:644>, 
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required level of transmission may be very high and necessitate not only 
universal but frequently repeated exposure to relatively large doses of 
bacilli. If the requisite level is not maintained the disease must necessarily 
die out. In certain other diseases the causative agent may be disseminated 
by healthy persons; in tuberculosis, however, it is only the "open” clinical 
case that discharges bacilli into the adjacent environment. The present 
practice of isolation of active cases would appear, then, to be a sound one, 
and it is perhaps not unreasonable to hope for the eventual eradication of 
this disease. 

THE BACILLUS OF LEPROSY (MYCOBACTERIUM LEPRAE)®^ 

Like tuberculosis, leprosy is an old disease of man. Perhaps more preva- 
lent in ancient times, it is now most common in Central Africa, India, 
Japan and other Asiatic countries, and it was estimated that there were 
about 3,000,000 lepers in the world in 1924. The disease is prevalent in 
South America, with endemic centers in Brazil, Colombia and Argentina, 
and an over-all incidence of more than 1 per 1000 population. Practically 
all the Caribbean islands are infected to about the same extent. It is 
relatively uncommon in Europe and sporadic cases occur in Latvia, Estonia, 
southern and eastern Russia, and on the Mediterranean coast.®® 

Leprosy has been introduced into the United States with varying con- 
sequences. In Louisiana, Florida and Texas the imported cases have estab- 
lished foci in which the disease has a tendency to perpetuate itself, while 
in California and the central northwestern States it tends to die out. 
Elsewhere in the country transmission is so rare as to be negligible.®^ It is 
estimated that there are 500 to 1000 lepers in this country, many of whom 
are segregated in the National Leprosarium in Carville, Louisiana, the 
remainder living for the most part in California and New York. 

Bacilli were found by Hansen®® in 1872 in the round epithelioid cells 
generally known as lepra cells, and the observation was one of the first of 
pathogenic bacteria. 

M[orphology and Staining. — Morphologically the leprosy bacilli 
closely resemble the tubercle bacHli. They are long (6 /z), slender rods, 
usually straight, but sometimes slightly curved. They are non-motile and 
do not produce spores. They generally occur within the cells but are some- 
times found free in the lymph spaces. Their arrangement within the cells 
is characteristic, several bacilli being usually grouped together in bundles 
like packets of cigarettes. 

The staining reaction of these microorganisms is much like that of the 
tubercle bacilli. They stain somewhat more readily than the latter, and 
also decolorize more quickly with acids, but the difference is not great 
enough for differentiation. The presence of large numbers of bacilli witbin 
the cells, together with the clinical features of the disease, makes it pos- 

^5 For a detailed consideration see Rogers and Muir: Leprosy. Williams i& Wilkins 
Company. Baltimore. 1940. 

Cf. Saunders: Proc. Sixth Pacific Sci. Congr., 1942, 5:957. 

McCoy: Pub. Health Repts., 1942. 57:51. 

Hansen: Norsk Mag. f. Laegevidensk.. 1872. ^:1. 
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sible to distinguish leprosy bacilli from tubercle bacilli without difficulty. 
Because of their acid-fast staining characteristic and their morphological 
resemblance to the tubercle bacilli and similar bacteria, these bacilli are 
included with the mycobacteria and designated Mycobacterium leprae. 
Cultivation. — Numerous unsuccessful attempts to cultivate Hansen’s 
bacillus on artificial media were made for years by bacteriologists all over 
the world. A few investigators have reported positive results. In most 
instances acid-fast bacilli have been cultivated, but in others a variety of 
microorganisms, including diphtheroids, actinomycetes and anaerobic 
bacilli have been found. It has been suggested by some workers that the 
acid-fast bacilli present in leprous lesions represent but a single stage in a 
developmental cycle and outside the body other forms appear. Kedrowski®^ 
cultivated a highly pleomorphic microorganism with branched, acid-fast 
and non-acid-fast stages, Clegg®° also obtained apparent growth and con- 



Fig. 142. — The leprosy bacillus. Acid-fast stained smear from a skin lesion. Note the 
characteristic tendency to parallel arrangement of the bacilli in packets. _X 1800. 

tinned multiplication in subculture on an artificial medium of an acid-fast 
bacillus. His results were confirmed by others, in particular Duval,®^ who 
reported cultivating a bacterium regarded as Myco. leprae directly from 
human tissue on artificial media. Acid-fast bacilli, some of them chromo- 
genic, have been cultivated by other workers, and there are at present a 
number of cultures in various laboratories labeled “Myco. Zeprac.” 

It seems highly probable that not any of these bacteria are leprosy bacilli 
in that they are etiologically related to the disease in man.®^ They are very 
likely best grouped with the saprophytic acid-fast forms such as the smegma 
and timothy bacilli. 

5® Kedrowski: Ztschr. f. Hyg., 1901, 37 :o2. 

Clegg: Philippine Jour. Sci., 1909, 4:403. 

61 Duval: Joujr. Exp. Med., 1910, f 2:649. 

62 Four strains of “leprosy bacilli” isolated in recent years were intensively studied 
at the National Institute of Health, but there was no e\idence of a causal relation to the 
disease. Cf, Nat. Inst. Health Bull. No. 173, 1940, 
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The cultivation of the bacilli of leprosy has been intensively investi- 
gated in recent years by Soule and McKinley, who, in 1932, first isolated 
in culture a very slow-growing, non-chromogenic acid-fast bacillus which 
closely resembled the bacilli observed in leprous nodules. On media suit- 
able for the growth of tubercle and other acid-fast bacilli incubated in an 
atmosphere of 40 per cent oxygen and 10 per cent carbon dioxide for six 
weeks, tiny, discrete colonies appeared. Although a number of isolations 
failed to grow on subculture, 2 strains have been maintained through 40 
transfers over a period of six years.®^ These cultures were obtained from 
leprous material in Puerto Rico. Two years later Soule®® reported that of 
42 specimens obtained in the Philippines, 25 yielded cultures of the same 
or a very similar bacterium, and of these 2 strains were maintained on 
repeated subculture. The intradermal inoculation of rhesus and Cebus 
monkeys resulted in the production of temporary granulomatous lesions 
which could not be transmitted in series. Whether these bacilli are, in 
fact, leprosy bacilli is not clear; proof demands the reproduction of the 
disease, but since inoculation of experimental animals with relatively large 
amounts of macerated leprous nodules has not produced the disease, the 
negative results with cultures are, perhaps, not significant.®® More recently 
Loving®^ has reported the cultivation of the bacilli in a thiamin-enriched 
medium. 

Pathogenicity. — ^Although any organ or tissue in man may be attacked 
with varying results, two distinct types of leprosy are usually recognized — 
the nodular and the anesthetic. The former, which is the more acute, is 


REIATIVE PROPORTION OF TYPES OF LEPROSY* 


Region 

Neural Type 

Lepromatous Type 

Africa 

90.5% 

9.5% 

50.0% 

60.0% 

Philippines 

50.0% 

Mexico 

40.0% 

29.0% 

Java 

71.0% 




* Data from Lowe: Proc. Sixth Pacific Sci. Congr., 1942, 5:921. 


characterized by the development of masses of granulation tissue, the 
so-called “leproma,” which may appear superficially in different parts of 
the body, and by their growth and coalescence produce distortion and 
mutilation. The anesthetic type, or nerve leprosy, progresses more slowly, 
the average duration of the cases being nearly twice as long (eighteen years) 
as cases of the nodular type, some being known to extend over thirty-five 
or forty years. Atrophy of the muscles and other trophic disturbances 
accompany the nerve lesions. 

Soule and McKinley: Amer. Jour. Trop. Med., 1932, 12:1, 441; McKinley and 
Soule; Jour. Amer. Med. Assn., 1932, 98:361, 

Cf. Soule and McKinley: Amer. Assn. Advncmt. Sci., Symposium Ser., 1938, 1:87. 

“ Soule: Proc. Soc. Exp. Biol. Med., 1934, 54:1197. 

Cf, the review by McKinley: Int. Jour. Lepr., 1939, 7:1,217. 

Loving: Amer. Jour. Trop. Med., 1943, 25:593. 
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In both forms of leprosy Hansen’s bacillus is found in all cases, in enor- 
mous numbers as a rule, in the lesions of nodular leprosy and less abun- 
dantly in the anesthetic type. Very few bacilli are observed outside the 
body cells, and they are found in the cytoplasm and do not invade the 
nucleus. Almost any part of the body may be the site of leprous growth; 
the kidneys are usually invaded, the liver and spleen always. The bacilli 
have been seen in the central nervous system and are occasionally found in 
the blood, generally in the leucocytes but sometimes free. 

Leprosy has never been produced in experimental animals by the 
inoculation of leprous material from man; even the implantation of nodules 
containing enormous numbers of bacilli has been without efiTect. 
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Fig. 143. — ^The probable prevalence of leprosy in the world as indicated by pr^ent 
data. Based on Goode Base Map No. 201 M. By permission of the University of Chicago 
Press. (After Saunders.) 


Transnaission. — Leprosy is probably transmitted by contact, though 
the conditions that make transmission possible are entirely unknown. 
There are numerous instances in which healthy persons, such as asylum 
attendants, have been more or less in contact with lepers for long periods 
without contracting the disease. In other cases, however, leprosy has been 
contracted by those in close and long-continued contact with diseased 
individuals. There is also indirect evidence of transmission. Manson®^ cites 
the case of an Irishman who acquired leprosy in the West Indies. On his 
return to Ireland his bed was shared by his brother who, moreover, some- 
times wore the leper’s clothes. The brother, who had never been in any 
foreign coxmtry, became in time an undoubted leper. In this instance com- 
munication from one person to another was practically demonstrated. 

Manson: Tropical Medicine. London. 1900, p. 443. 
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Currie*^^ found that a large percentage of cases studied in Hawaii gave a 
history of exposure, and that usually such exposure was of an intimate 
character. Saunders^® has pointed out that leprosy occurs for the most 
part in populations of low social order living under unsanitary conditions 
of poverty, crowding, uncleanliness and sickness. Even so a relatively small 
proportion of those exposed develop the disease. 

One way in which the bacillus may leave the body is in the nasal mucus, 
and large numbers of the bacilli are found in the secretions of the nose 
in many cases. Bacilli may sometimes be discharged from the mouth or 
nose in small particles of mucus. In the opinion of many writers, the 
mucous membrane of the nasopharynx is the point at which the bacteria 
are introduced into the body, as well as the chief source from which infec- 
tion is spread. 

Evidence of the direct inoculability of leprosy from man to man is 
quite inadequate. Many attempts to infect healthy persons have been 
made and have failed, and one often-cited instance of successful inocula- 
tion is by no means unimpeachable. In the case of the criminal Keanu in 
the Hawaiian Islands, reported by Arning,’'^ implantation of material from 
a leprosy nodule was followed by the development of true leprosy, which 
terminated fatally six years after inoculation. The experiment, however, 
did not exclude the important source of error involved in the facts that 
Keanu was a native of a country in which leprosy was common, that he 
had lived among lepers, and that members of his family were lepers. 
More recently Lazoudaky^^ inoculated himself intramuscularly with blood 
from two lepers and contracted the disease. 

Much light is thrown on the contagious character of leprosy by the 
success that has attended the isolation and segregation of leprous patients. 
The Norwegian experience showed that a careful but not unduly rigorous 
system of separation was accompanied by a diminution of the number of 
cases from 2870 in 1856 to 577 in 1900. The circumstance that infection 
does not invariably follow chance contact or association should not, there- 
fore, lead to neglect of the facts that leprosy is a bacterial disease; that 
up to the present under natural conditions the specific bacterium has not 
been found except in the human body; and that, so far as is definitely 
known, the leper himself is the only means by which leprosy spreads. 

Immunity. — Man is clearly highly resistant to infection with the 
leprosy bacillus, and, after infection is established, the ensuing disease is 
essentially a benign process that may take many years to terminate fatally; 
in fact, many lepers die from other causes. Little is known regarding the 
specific immune response. Lepers do, however, develop a hypersensitivity 
to the cell substance of acid-fast bacilli such as the tubercle bacillus and 
the various saprophytic species. A curious fact is the appearance of a 
positive Wassermann reaction in lepers in the absence of syphilis. Accord- 
ing to some, this is an artifact arising from infection with yaws, and it is 

Currie: Pub. Health Bull. No. 41, 1910. 

Saunders: Proc. Sixth Pacific Sci. Congr., 1942, 5:957. 

Arning: Arch. f. path. Anat., 1893, i54.*319. 

72 Lazoudaky: Jour. Trop. Med. Hyg., 1937, 4(9:77. 
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said that the Kahn test is negative in non-syphilitic lepers. Recent investi- 
gations, however, have shown that both the Wassermann and the Kahn 
tests may be positive in lepers having no clinical symptoms of syphilis. 

Lepromin , — The h>persensiti\’ity developed by the leper may be demon- 
strated by the intradermal inoculation of material prepared from leprous 
nodules. Two reactions are observed, one early and occurring after three 
or four days, and the late reaction appearing three to four 'weeks after in- 
oculation. The reaction is not specific in that a response is also elicited by 
preparations of other acid-fast bacilli. Dharmendra^^ has isolated a nucleo- 
protein from leprosy nodule material, however, which appears to have 
some specificity. In its present form, at least, the lepromin test has little 
or no diagnostic utility. 

Rat Leprosy. — A native disease of wild rats, commonly known as rat 
leprosy, and characterized by enormous numbers of acid-fast bacilli present 
in the lesions, was described by Stefansky^® in 1903, as occurring in wild 
rats in Odessa, The disease was observed in the same year by Dean/® 
who later showed it to be transmissible. It has since been observed in 
wild rats all over the world. 

The acid-fast bacilli closely resemble the leprosy bacillus in size and 
shape and are found intracellularly but not as often in the packet arrange- 
ment of parallel bacilli. Myco, leprae murium has not been cultivated on 
artificial media. The disease may, however, be transmitted to white rats, 
mice and guinea pigs by inoculation with pieces of tissue.^® The experi- 
mental infection is a relatively benign process. A local, circumscribed lesion 
develops following subcutaneous inoculation which becomes palpable in 
four to five weeks and eventually develops to a large tumorous mass 
ulcerating on the surface and persisting throughout the life of the rat. 
The earliest lesions in the other organs do not appear before four to six 
months, and the animal dies only after a year or more. 

The relation of rat leprosy to human leprosy is not known. Rats are not 
susceptible to inoculation with human leprous material. 

OTHER ACID-FAST BACILLI 

Mycobacterium Paratuberculosis.®® — A chronic enteritis of cattle 
usually terminating fatally is caused by an acid-fast bacillus^ closely 
resembling the avian variety of the tubercle bacillus. The disease is some- 
times called Johne's disease and the bacillus Johne's bacillus^ after its dis- 
coverer.^^ The disease only remotely resembles tuberculous infection. The 

^^3 Badger, Patrick, Fite and Wolfe in Nat. Inst. Health Bull. No. 173, 1940; Faget 
and Ross: Ven. Dis. Information, 1944, 25:133. 

Dharmendra: Leprosy in India, 1941, f5:40, 77, 81; Indian Jour. Med. Res.. 1943, 
JI:125, 129. 

75 Stefansky: Centralbl. f. Bakt., 1903, 5J:481. 

76 Dean: Centralbl. f. Bakt., 1903, 3 ^: 222 . 

77 Dean: Jour. Hyg., 1905, 5:99- 

76 See the review by Lowe: Int. Jour. Lepr.. 1937, 5:311, 463. 

76 For recent studies on experimental rat leprosy see Fite in Nat. Inst. Health Bull. 
No. 173, 1940. 

86 Hagan and Thomson: Tr. Nat. Tuberc. Assn., 1931, p. 232. 

81 Johne and Frothingham: Deut. Ztschr. f. Thiermed., 1895, 21:438. 
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lesions in the intestinal wall are proliferative and the granulomatous tissue 
may contain epithelioid cells and occasionally giant cells, hut there is no 
caseation. 

The disease appears to be widespread in the United States. Infected 
cattle becom.e hypersensitive to the bacillary substance and filtrates of 
cultures produce a skin reaction analogous to the tuberculin reaction which 
is designated the “johnin reaction.” No case of human infection with 
Myco. paratuherculosis has been recorded. 

The Vole Bacillus. — An acid-fast bacillus responsible for an epizootic, 
chronic infection of the field vole, Microtus agrestis, resembling tuber- 
culosis was discovered by Wells. It closely resembles the tubercle bacillus 
culturally®^ though it forms no pigment and growth is not enhanced by 
glycerol. It is pathogenic for both guinea pigs and rabbits, considerably 
more so for the latter, and is not pathogenic for fowls. Brooke®^ has sug- 
gested that it is a distinct type of mammalian tubercle bacillus and should 
be called Mycobacterium tuberculosis var. muris. This microorganism has 
been of particular interest because, though it produces only a localized 
and retrogressive infection when inoculated in small doses in guinea pigs 
and calves, tuberculin sensitivity is produced, and preliminary experiments 
on its use as a prophylactic have given suggestive results.®® 

The Cold-Blooded” Mycobacteria. — Acid-fast bacilli have been 
found associated with pathologic processes in various cold-blooded animals. 
In some instances the processes superficially resemble tuberculous lesions. 
Myco, piscium was isolated from nodules and tumor-like formations in 
carp; Myco, marinum from “tuberculosis” of sea bass and certain other 
salt-water fish; Myco. ranae was found in the liver of a frog; Myco. tham- 
nopheos is a parasite in garter snakes; and Myco, chelonei, the “turtle 
bacillus,” has been referred to above. 

The saprophytic acid-fast bacilli include the well-known timothy 
bacillus, Myco, phlei, found in soil, on grasses and elsewhere in nature; 
the “butter bacillus,” Myco. butyricum; and Myco. smegmatis, which is, 
however, a parasite found in both male and female smegma. The smegma 
bacillus is often difficult to distinguish from the tubercle bacillus on mor- 
‘phological grounds, and confusion of the two may have considerable prac- 
tical importance in the diagnosis of suspected cases of tuberculous infection 
of the urinary tract. It is, it may be noted, also found in the urine and 
may contaminate fecal specimens. The saprophytic bacilli all grow much 
more rapidly than the tubercle bacilli, and neither they nor the bacilli 
isolated from cold-blooded animals are pathogenic for guinea pigs and 
rabbits, or at best only feebly so. The interrelationships of these non- 
pathogenic acid-fast bacilli are considered at length by Gordon®^ and Gor- 
don and Hagan.®® 

“ Hastings, Beach and Mansfield: Wis. Agr. Exp. Station Res. Bull. No. 81, 1927. 

Wells: Lancet, 1937, i:1221. 

^ Brooke: Anaer. Rev. Tuberc., 1941, 45:806. 

“ Griffith; Jour. Hyg., 1942, 42:527. 

Griffith and Balling: Jour. Hyg., 1940, 40:673. 

Gordon: Jour. Bact., 1937, 54:617. 

Gordon and Hagan: Jour. Bact., 1938, 50:39. 



CHAPTER 32 


MEDICAL MYCOLOGY: THE PATHOGENIC 
ACTINOMYCETES, MOLDS, YEASTS AND 
RELATED MICROORGANISMS^ 

It has been pointed out in preceding chapters that the tubercle bacilli 
and the diphtheria bacilli are more closely related to the fungi than are 
the ^True bacteria.” These forms may be regarded as connecting links be- 
tween the bacteria and a number of the fungi proper, some of which are 
pathogenic for man and lower animals. The discovery of the causal re- 
lation of certain of the fungi to infectious disease preceded the pioneer 
work of Pasteur and Koch with the pathogenic bacteria by several years, 
for Schoenlein studied the fungus causing favus in 1839, and in the same 
year Lagenbeck described the yeast-like microorganism of thrush. In spite 
of its earlier beginnings, medical mycology was soon overshadowed by 
bacteriology and has never received as much attention though some of 
the fungus diseases are among the more common infections of man. 
This is perhaps attributable to the relatively benign nature of the common 
mycoses and the rarity of the more serious ones, and to the morphological 
basis of the differentiation of these structurally complex forms which, in a 
practical sense, sets them off sharply from the bacteria. 

Even a brief consideration of the fungus diseases makes it clear that 
they fall into two well-defined groups, the superficial mycoses and the 
deep-seated mycoses.^ The superficial mycoses are by far the most com- 
mon, are caused for the most part by a relatively homogeneous group of 
fungi, the dermatophytes, and include the various forms of tinea or ring- 
worm with infection of the hair and hair follicles, the superficial infections 
of the intertriginous or flat areas of the glabrous skin, and the onycho- 
mycoses or fungus infections of the toe and fingernails. In general, the 
lesions are mild, superficial and restricted; the infections are almost never 
fatal- The causative microorganisms are parasitic and the infection is 

^ For a general discussion of medical mycology see: Henrici: Molds, Yeasts and Actino- 
mycetes. John Wiley & Sons. New York- 1930. A detailed consideration of the patho- 
genic fungi with little or no critical evaluation of their relative importance is given by 
Dodge: Medical Mycology, C- V. Mosby Company. St. Louis. 1935. An excellent, though 
largely clinical, discussion of the dermatophytes is presented by Lewis and Hopper: 
Introduction to Medical Mycology. Year B<x>k Publishers. Chicago. 1939. A very brief 
discussion of the general subject is given by Swartz: Elements of Medical Mycology. 
Grune & Stratton. New York. 1943. Clinical and diagnostic aspects of the mycoses are 
discussed in detail in Conant et al.: Manual of Clinical Mycology. W- B. Saunders Com- 
pany- Philadelphia. 1944. Recent literature is reviewed by Emmons: Bot. Rev., 1940, 
^.-474. 

2 The general characteristics of the fungus diseases are discussed by Henrici: Jour. 
Bact., 1940, 39:113. 
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transmitted from one host to another. The deep-seated mycoses, on the 
other hand, are relatively rare and are heterogeneous in etiology ; they 
include actinomycosis, aspergillosis, sporotrichosis, blastomycosis, coccidi- 
oidomycosis and cryptococcus or torula infections. The causative micro- 
organisms appear to be free-living parasites for the most part and are 
usually not transmitted from one individual to another, but the lesions 
they produce are severe, deep and spreading, and a fatal outcome is not 
uncommon. 

THE FUNGUS INFECTIONS 


Type 

Causative Organism 

Disease 


Dermatopkytes : Microsporum^ TrU 
chophyton, Achorion, Epidermophy- 
ton, Endodermophyton 

Ringworm of scalp and glabrous skin, 
suppurative folliculitis, onychomy- 
cosis 

Super- 

Actinomyces minuUssimus 

Erythrasma 

ficial 

infections 

Erysipelothrix rhusiopathiae 

Erysipeloid in man 


Fonsecaea pedrosoi and its varieties 

Chromoblastomycosis 


Candida albicans and related forms 

Moniliasis of the mucous membranes 
and nails, sometimes generalized 


Actinomyces bovis, A. asteroides, A. 
madurae, etc. 

Actinomycosis, including actinomy- 
cotic mycetoma 


Actinomyces muris-ratti 

Rat-bite fever 


Aspergillus fumigatus, and others 

Aspergillosis, otomycosis and pul- 
monary mycosis 

Deep- 

seated 

Sporotrichum schencki 

Sporotrichosis 

infections 

Debaryomyces neoformans 

European blastomycosis, torula men- 
ingitis 


Blastomyces dermatitidis 

American blastomycosis 


Cocc id io ides imm it is 

Coccidioidomycosis 


Histoplasma capsulatum 

Histoplasmosis 


The criterion of pathogenicity is one of the poorest that can be used 
in the differentiation of microorganisms, not only because it is variable 
and difficult to determine, but because by its use parasitic microorganisms 
are grouped together that are, in fact, much more closely related to certain 
free-living forms than they are to one another. The superficial nature of 
pathogenicity as a differential characteristic is nowhere better illustrated 
than among the fungi, for the pathogenic forms which constitute the sub- 
ject matter of medical mycology form a heterogeneous group and include 
some of the actinomycetes, certain molds and mold-like ^ fungi, and a 
number of yeasts and yeast-like organisms. The pathogenic varieties of 
these fungi are an almost infinitesimally small portion of existing fungi. 
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the vast majority being saprophytic forms found in the soil and elsewhere 
playing a role of primary importance in the cyclical transformations of 
organic matter, especially in the decomposition of hernicelluloses and 
lignins. A number are of great industrial importance, as in cheese manu- 
factme, saccharification of starches, etc. From a general biological point 
of view, then, the pathogenicity of certain fungi is of very minor signifi- 
cance; from that of the parasitized host, man, it is of considerably greater 
interest. 

The fungi are structurally complex, showing a variety of reproductive 
structures associated with sexual and asexual processes, in addition to 
vegetative non-reproductive elements. Their differentiation into genera, 
species and varieties is made in large part on a morphological basis, es- 
pecially the morphology of the reproductive structures, and, in contrast 
to the bacteria, their, physiological and immunological characteristics are 
usually of minor or no importance for purposes of differentiation or identi- 
fication. The biochemistry of the fungi, and the molds in particular, has 
been extensively investigated, beginning with the work of Wehmer and 
more recently by Raistrick and his colleagues^ in connection with the 
elucidation of decompositions occurring in nature and their application to 
industrial processes. Present knowledge of the respiratory mechanism of 
the cell (p. 82) and of alcoholic fermentation (p. 102) derives in very 
large part from studies of yeasts. The immunological properties of the fungi 
have been little studied aside from noting the immunological relation of 
certain of the actinomycetes to the tubercle bacilli, and the allergic phe- 
nomena associated with infection with certain of the dermatophytes and 
yeast-like fungi. 

Though a great many species of fungi have been described as pathogenic 
for man and animals, not all are of equal importance. Some, especially 
among the dermatophytes, are not legitimate species different from those 
already known. Furthermore, in many cases the fungus described probably 
had no causal relation to the pathologic process from which it was iso- 
lated and in others only one or two cases of infection have ever been ob- 
served. It is the accumulation of large numbers of species of fungi and 
the minutiae of their morphological differentiation that give medical 
mycology its complexity. Here we shall be concerned only with the more 
important fimgi known to be causally related to human disease; the re- 
mainder, though large in number, are associated with only a small frac- 
tion of bne per cent of fungus disease of man. 

I. THE ACTINOMYCETES 

The actinomycetes occupy an uncertain position with respect to the 
bacteria on the one hand and the fungi on the other and are regarded by 
many as transition forms. The order Actinomycetales is made up of two 
families, the Mycobacteriaceae which includes the mycobacteria and the 
corynebacteria, and the Actinomycetaceae which includes Actinomyces^ 

® Cf. Raistrick et al.: Studies in the Biochemistry of Microorganisms, Phil. Trans. Roy. 
Soc.. 1931, Ser. B, 52(?.T-367. Later papers will be found for the most part in the 
Biochemical Journal. 
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Erysipelothrix and Leptotrichia; the last is made up entirely of saprophytic 
forms and does not concern us here. 

The actinomycetes grow in the form of five straight or wavy nonseptate 
filaments or hyphae 0.5 to 0.8 /x in diameter which show both lateral and 
dichotomous branching, and which may grow out from the medium to 
form an aerial mycelium. On semisolid media the filaments occur in tangled 
masses while in liquid media there is a tendency to centers or clumps of 
growth. Small oval to rod-shaped spores 1 to 2 m long are formed by aggre- 
gation of the protoplasm in some of the hyphae, spore formation progressing 
from the tip. The maturation of the spore-bearing hyphae is often asso- 
ciated with the formation of spirals which range from open, barely per- 
ceptible coils to those which are so compressed that adjacent turns are 
in contact. The spirals may be dextrorse or sinistrorse and both direction 
and tightness of coiling are constant within species. The spores are more 



Fig. 144. — Actinomycetes. Left, showing branched filaments with coiled terminal 
bodies which are fragmented into bacteria-like cells. Right, A. anlihioticus showing both 
submerged mycelium and aerial sporulating mycelium. X 1200 (Starkey, Waksman and 
Woodruff). 

resistant than the filaments and will sxrrvive 60® G. for as long as three 
hours, but are less resistant than bacterial spores. The tips of other fila- 
ments may become swollen and club-shaped. Segmentation of .the fila- 
ments occurs, in some species as early as twenty-four hours while in others 
it is delayed three weeks or more; the segmented filaments break up to 
form bacillary bodies 4 to 6 /x in length which are morphologically indis- 
tinguishable from many true bacteria. In most smear preparations of the 
pathogenic forms, the filaments are broken up and the appearance is that 
of ordinary bacilh. All, or practically all, of the actinomycetes are gram- 
positive and some of the pathogenic forms are acid-fast; these last are 
immunologically related to the mycobacteria. 

Both spores and fragnaents of mycelium grow in subculture. On semi- 
solid media the growth is dry, tough and leathery, sometimes wrinkled, 
adherent to and piled above the medium; in many instances it resembles 
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that of the mycobacteria. In some cases the growth appears powdery or 
chalky owing to the formation of aerial mycelium. In liquid media growth 
occurs in the form of a dry, wrinkled surface film or, more often, as flakes 
or aggregates which adhere to the sides of the flask, especially at the sur- 
face, or sink to the bottom. 

Pigment formation, with colors ranging over the entire spectrum, is 
common among the actinomycetes and differentiation is usually made be- 
tween pigmentation of the vegetative mycelium and the spore-bearing 
aerial mycelium as well as pigment diffusing into the medium. Soluble 
purple and brown pigments are often observed on protein-containing 
media. The actinomycetes, especially the saprophytic forms, are physio- 
logically active, utilizing a variety of carbon and nitrogen compounds, 
and many are actively proteolytic. An earthy to musty odor like that of 
freshly turned soil is produced by many species. The optimum temperature 
for growth is usually 20® to 30® C. though some of the pathogenic species 
grow at 37® C. and thermophilic species, analogous to thermophilic bac- 
teria, are known. The great majority of actinomycetes are aerobic, but 
some of the pathogenic forms are anaerobic or at least must he cultivated 
under reduced oxygen tension. 

Differentiation of the actinomycetes from one another is in part on a 
morphological and in part on a physiological basis, the latter including 
pigmentation and proteolytic activity. It has become increasingly ap- 
parent that there are two relatively well-defined morphological groups. 
The one, which includes all the pathogenic forms, is characterized by 
failure to form aerial mycelium and a marked tendency of the hyphae to 
segment and fragment into bacillary forms, often very early in the devel- 
opment of the culture. The other group is much larger, contains only sapro- 
phytic forms, and is characterized by the production of spores in aerial 
hyphae. There has been some tendency to separate the two by different 
generic names. The name Nocardia has been widely used, both for the 
entire group of actinomycetes and for the saprophytic forms only. Other 
names such as Discomyces, Streptothrix, Cladothrix, etc., have been pro- 
posed and used to a minor extent but are generally regarded as invalid 
for one reason or another. The name Proactinomyces was introduced by 
Jensen^ in 1931 for the pathogenic actinomycetes and has gained some 
currency in recent years though it has not been generally accepted. The 
question has recently been considered by Waksman and Henrici^ who 
separate the two groups by making them different families, the family 
Actinomycetaceae being retained for the pathogenic forms and including 
two genera, Actinomyces for the anaerobic forms, and Nocardia for the 
aerobic forms. A new family, Streptomycetaceae, is created for the sapro- 
phytes; questions of nomenclatme and relationships of these forms need 
not be considered here. 

The name Actinomyces will be used here for the pathogenic actino- 
mycetes, all of which are characterized morphologically by failure to 
form aerial mycelium or spores. This group may be further subdivided on 

* Jeiisen: Proc. Lmnean Soc. N. S. Wales, 1931, 57.-364. 

5 Waksman and Henrici: Jour. Bact., 1943, 4tf.‘337. 
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the basis of oxygen . requirements and acid-fast staining properties. In 
addit on, a number of more or less diverse microorganisms are grouped 
with the actinomycetes by some workers. The so-called pleuropneumonia 
organisms (p. 495) are so considered by Ledingham® and certain of the 

THE PATHOGENIC ACTINOMYCETES AND ACTINOMYCETE-LIKE FUNGI 


Organism 

Disease 

Geographic Distribution 

Actinomyces bovis 

Actinomycosis in man, 
“lumpy jaw” in cattle 

Ubiquitous; majority of 
cases reported in U. S. 

Actinomyces madurae 
Actinomyces bahiensis 
Actinomyces somaliensis 

Actinomycotic mycetoma 
in man 

Tropics, including India 
and Egypt; few cases in 
U. S. 

Actinomyces aster aides 
Actinomyces gypsoides 

Deep-seated abscesses and 
pulmonary infection 

Ubiquitous 

Actinomyces keratolyticus 

“Cracked heels” 

India 

Actinomyces minuiissimus 

Erythrasma 

Ubiquitous 

Actinomyces farcinicus 
Actinomyces dermatonomus 

Animal parasites, do not 
infect man 

Europe and Australia re- 
spectively 

Actinomyces muris^ratti 

Rat-bite, Haverhill fever 

Europe and U. S., probably 
ubiquitous 

Actinobacillus lignieresi 

Actinobacillosis in cattle, 
very rare in man 

South America, not in 
U. S. 

Erysipelothrix rhusiopathiae 

Natmal parasite of hogs, 
erysipeloid in man 

Europe and U. S., prob- 
ably ubiquitous 


non-sporulating obligate anaerobes (p. 489) are sometimes regarded as 
actinomycetes. Other microorganisms of uncertain position but showing 
affinities for the actinomycetes, including Erysipelothrix, the rat-bite fever 
fungus, and actinobacillus are discussed in this section. 

Actinomyces Bo vis 

Though the term actinomycosis refers to any infection with an actin- 
omycete, it is often thought of in connection with disease caused by 
Actinomyces bovis. This is the most clearly defined and best studied actin- 
omycete infection and the disease occurs chiefly in cattle, and in few 
other animals; it is also occasionally seen in man. Although the disease 
was undoubtedly observed early in the nineteenth century, actinomycotic 
tumors being described by Leblanc^ in 1826 under the name of osteosar- 
coma, it was first recognized as a specific parasitic disease by Bollinger® 
in 1877. At his instigation the fungus was studied by the botanist Harz^ 
who described it and named it Actinomyces or ray fungus, because of the 

® Ledingtam: Jour. Patk. & Bact., 1933, 57:393. 

^ Leblanc: Jour. Med. Veterin., 1826, p. 333. 

® BoUinger: Deut. Ztschr. f. Tiermed., 1877, 5:334. 

® Harz: Deut. Ztschr. f. Tiermed., SuppL, 1878, 4:125. 
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ray-like structure of its growth in the tissues, hut did not cultivate it. 
In 1891 Wolff and Israel^® isolated a microaerophilic actiiiomycete from 
pathologic material by anaerobic culture and in the same year an aerobic 
actinomycete was isolated by Bostroem^^ from similar sources and named 
Actinomyces hominis (sometimes called Actinomyces graminis), Bostroem’s 
organism has been proved to have been a contaminant, however, and it is 
definitely established that the organism iscjiated by Wolff and Israel 
(called by some Actinomyces israeli) was that observed by Bollinger and 
Harz and the etiologic agent of the disease. These early observations 
were extended in large part through the work of Wright^- and Emmons^^ 
and present knowledge has been summarized by Erikson.^^ 

Morphology and Staining. — Morphology in the Tissues, — Actinomy- 
cosis is essentially a suppurative process, characterized by the formation 



Fig. 145. — Actinomycotic {A. bovis) granule in rabbit lung. Hematoxylin and eosin. 
Left, two granules; X 80. Right, upper part of left field at higher magnification: X 300. 
Note the eosinophilic clubs at the periphery of the granule (Rosebury, Epps and Clark) . 


of granulation tissue, fistulation, sinus formation and by the presence in 
the pus of yellow granules (' 'sulfur granules”) > th® Drusen of German 
writers. These are in fact colonies of the fungus and when examined micro- 
scopically are seen to consist of dense rosettes of club-shaped filaments 
in radial arrangement. The individual rosettes are usually 30 to 40 jjl in 
diameter but sometimes are as large as 200 ijl. The minute yellow granules, 
visible to the naked eye, may consist of a single rosette or may be made 

Wolff and Israel: Virchow’s. Arch. f. path. Anat., .1891, !l26:ll. 

Bostroem: Beitr. Path. Anat. Allg- Path., 1891, 9:1. 

12 Wright: Pub. Mass. Gen. Hosp., Boston. 1905; Jour. Med. Res., 1904—5, ^;349. 

Emmons: Puerto Rico Jour. Pub. Health & Trop. Med., 1935, fi:63: Pub. Health 
Repts.. 1938, 55:1967. 

i-iErikson: Pathogenic Anaerobic Organisms of the Actinomyces Group. Med. Res. 
Council (Gt. Britain) Spec. Rept. Ser. No. 240, 1940. 
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up of several. The rosette itself is made up of three kinds of structures: 
a central core of branching fQaments, irregularly disposed but with a general 
radial arrangement; refringent, club-shaped bodies at the periphery radi- 
ally arranged; and spherical coccus-like bodies. The granules may be 
crushed and examined in fresh preparations in which the clubs may be 
plainly seen or a stain such as eosin may be used which colors the sheath 
of the clubs. The filaments ^e gram-positive and the stain is useful for 
tissue sections; hematoxylin-eosin is quite satisfactory for sections. A. 
hovis is not acid-fast. 

The filaments of the central core are branched, are often curved, some- 
times spirally, and are thickly interlaced in a network of mycelium. The 
individual filaments have a granular appearance and, particularly in older 
granules, segmentation and fragmentation are common, giving the filaments 
the appearance of chains of cocci. 

The club-shaped bodies at the margin of the granule are conspicuous 



Fig. 146. — A. bovis from cultures. Left, darkfield X 900. Middle and right, gram stains 
of rough and smooth cultures respectively. X 1200 (Rosebury, Epps and Clark). 


for their high refringency and general structureless, homogeneous appear- 
ance. They are pear-shaped swellings of the terminal ends of the filaments, 
and arise as distinct transformations of these. In young colonies the hya- 
line substance of which the clubs are composed is soft and may be dis- 
solved in water, but as the age of the colony increases, the clubs become 
of jSrmer consistency. Their formation appears to be associated with the 
resistance of the tissues; when resistance to invasion is slight, they are 
absent, filaments alone being found. Clubs are, as a rule, more common 
in bovine than in human lesions. 

The coccus-hke bodies reported by various observers are probably of 
diverse nature. Such forms may result from the segmentation and fragmen- 
tation of filaments; in other cases they may be the ends of clubs appearing 
in the field of focus of the microscope. In still others they may perhaps 
be micrococci, secondary invaders of the suppurating actinomycotic lesion. 
(See p. 617.) 
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Morphology in Culture . — The colonial morphology of A. hovis grown ana- 
erobically on semisolid media is suj0&ciently distinctive that, with expe- 
rience,^ the colonies are readily differentiated from those of contaminating 
bacteria.^® After foxu* to six days’ incubation the colonies are often less 
than 1 mm. in diameter. They eire usually opaque, dead white or rarely 
showing a slight grey or yellow tinge? andi have a pitted glistening sur- 
face and irregular margin. The growth, piled high above the surface of 
the medium, is similar to that of the tubercle bacillus. The colonies are 
tough and leathery, often coming away from the medium in one piece, and 
are difficult to emulsify. It has been observed that after continued culti- 
vation the colonies tend to become smooth and less distinctive in appear- 
ance, and may be much softer in consistency. In shake cultures in dextrose 
agar the fungus grows below a depth of perhaps 10 mm. and appears as 



Fig. 147. — Colonies of A. bovis on brain heart infusion agar after six days* incubation. 
Left and center are rough types; X 3. The colonies on the right are the smooth type; 
X 6 (Rosebury, Epps and Clark). 


irregularly shaped, opaque, whitish nodules which may reach a diameter 
of 2 to 3 mm. in a week. Stab cultmes in dextrose agar give a dense grayish 
streak of small colonies along the lower part of the line of inoculation. In 
broth good growth usually occurs in the form of solid, whitish, mulberry- 
like granules at the bottom of the tube; the broth does not, as a rule, be- 
come cloudy. 

The essential features of the rosette have been reproduced in cultures. 
The smaller colonies are rounded masses of brsuiching and interlacing 
filaments. As the filaments become older they tend to fragment and the 
largest colonies are dense opaque masses of short filaments and rod forms. 
Clubs are not formed in the usual media but only in the presence of blood, 
serum or ascitic fluid and even there develop inconsistently. Stained smears 
of cultures show largely bacillary forms and a few fragments of branching 
filaments. The baciUary forms may be diptheroid in appearance, stain 
^ Cf. Rosebury, Epps and Clark: Jour. Inf. Dis., 1944, 74:131. 
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irregularly, and some have terminal swellings; the .last are quite unlike 
the peripheral clubs of the actinomycete granule. 

Physiology, — Particular interest has centered about the relationship 
of A. bovis to oxygen. In the past it has been assumed that this micro- 
organism is an obligate anaerobe and the identity of strains showing even 
scanty growth under aerobic condition has been questioned. It now seems 
to be established that it is microaerophilic with a limited oxygen tolerance, 
and some strains may grow sparsely in the air for one or two transfers. 
It is, however, best cultivated under anaerobic conditions in the presence 
of 5 to 10 per cent carbon dioxide. The limits in are similar to those of 
most bacteria and growth is best at 37° C. Growth is relatively slow even 
under optimum conditions and four to six days’ incubation are usually 
required. 

There appears to be no definite information regarding the nutritive re- 
quirements of the fungus ; in general it does not appear to be fastidious in 
that reasonably good growth occurs in meat extract media with added 
dextrose (1 per cent). Rosebury, Epps and Clark^® have found brain 
heart infusion agar most satisfactory and not improved by the addition of 
blood. Growth on potato is scanty and milk is not a good culture medium. 
It has been a general experience that A. bovis cultures are difficult to 
maintain in the laboratory and usually die out in spite of weekly or bi- 
weekly transfer. Erikson^^ has recommended alternate transfers on dif- 
ferent media for the maintenance of cultures and Rosebury, Epps and 
Clark^® report good results with this method. Glucose, maltose, lactose 
and salicin are fermented with acid and no gas, indol and hydrogen sul- 
fide are not produced, and nitrate is actively reduced. These biochemical 
reactions have no differential significance. 

Pathogenicity for Animals. — The majority of actinomycotic lesions 
in cattle are found in or about the head; the lower jaw and tongue in par- 
ticular are affected, hence the common names of “lumpy jaw” and “wooden 
tongue” for this disease. In addition to the growth in the tongue and 
maxillary bones, actinomycotic lesions occur in the pharynx, lungs, skin, 
lymph glands and subcutaneous tissue, especially of the head and neck, 
and occasionally in other organs, notably the udder and liver. The growth 
of the parasite usually leads to the formation of a hard tumor which 
gradually increases in size and bmrrows into the adjacent tissues, softening 
and disintegrating the bony structure of the head, and at the same time 
forming new tissue, so that great distortion often ensues. The extension 
of the disease takes place by gradual invasion of the contiguous tissues, 
metastases being uncommon. When death occurs it is not, as a rule, due 
to any toxic effect but wholly to the mechanical action of the tumor in 
pressing upon or occluding the respiratory passages or in interfering with 
the taking or mastication of food. Generalized actinomycosis is rare. 
When it occurs the bloodstream rather than the lymph seems to be the 
channel by which the disease is spread. Secondary abscesses are found 
meanly in the liver. 

The characteristic yellow granules or are found in the sup- 

purating mass of the tumor; if the pus is shaken up with water in a test 
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tube the small granules become evident and sink to the bottom of the 
tube. These structures are so typical that their demonstration by micro- 
scopic examination in a case of obscure suppuration is sufficient to es- 
tablish a diagnosis. The new growth — granulation tissue — consists chiefly 
of epithelioid and spindle-shaped connective-tissue cells; small giant cells 
are sometimes present. To the naked eye, actinomycotic lesions in the 
lung and udder often resemble tuberculous nodules and at times have 
undoubtedly been mistaken for them; microscopic examination suffices 
to establish their nature. 

The incidence of actinomycosis in cattle is uncertain, in part because 
it is readily confused with actinobacillosis; possibly something under 1 
per cent is a fair estimate. Of the other domestic animals swine are most 
frequently affected, usually with primary lesions in the mammary glands. 
Horses and sheep are affected less often and the disease seldom occurs 
in dogs and is rare in cats.^® 

Experimental Animals , — ^Attempts to infect experimental animals with 
A. hovis have in general been disappointing in that only a small propor- 
tion of inoculated animals develop the disease and the lesions are limited 
and benign. In the last few years Henrici and his associates'^ have found 
that repeated inoculations are much more effective; Slack^^ was able to 
produce chronic progressive actinomycosis in this way in four of five 
rabbits. Rosebury, Epps and Clark^® were less successful, and by repeated 
inoculation of twenty-four rabbits and sixteen guinea pigs produced in- 
fection in only five animals, progressive and fatal in two guinea pigs and 
one rabbit and localized and benign in two rabbits. In the experimental 
disease, however, the essential features of the natural infection are ob- 
served including the formation of tubercle-like nodules and the develop- 
ment of structurally typical granules with clubs. 

Pathogenicity for Man. — Infection with A. hovis is observed in man 
from time to time, but it is not common. Sanford^® found about 700 re- 
ported cases in the United States up to 1923; a large proportion were in 
the upper Mississippi Valley, a distribution which probably represents 
recognition rather than incidence of the disease. 

The disease in man differs in minor respects from that in cattle. Acti- 
nomycotic infections of the bone are relatively less frequent, the disease 
being confined to the softer parts in most cases. There is usually a lesser 
production of new tissue and a more extensive softening and suppuration. 
The disease falls into three clinical types. About 60 per cent of the infec- 
tions are cervico-facial and this type is often associated with dental de- 
fects or accidents and is a chronic, localized form of the disease which is 
relatively benign and usually susceptible to treatment. Some 14 per cent 
of the cases are thoracic infections and 8 to 18 per cent are abdominal in 
which the primary lesion is often in the appendix; in these types prognosis 

Martin: Univ. Pennsylvania Vet. Ext. Quart., 1942, 87 : 1 $. 

Mathieson, Harrison, Hanomond and Henrici: Amer. Jour. Hyg., 1935, 2^.*405. 

1® Slack: Jour. Bact., 1942, 4.? .*193. 

19 Sanford: Jour. Amer. Med. Assn., 1923, 81 : 6 $$. 
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is poor.20 Draining sinuses are usually found in all types and abscesses are 
frequently observed in the liver at autopsy. Generalization by hematog- 
enous spread is occasionally seen and is relatively more common in man 
than in cattle. Meningitis and endocarditis have been reported. The char- 
acteristic granules with clubs are usually found in the pus but may be ab- 
sent occasionally in draining sunuses, especially when the infection has 
spread rapidly, particularly in meningitis and empyema. The disease may 
terminate fatally in a few weeks through secondary infection or formation 
of emboli, or it may drag along in a dironic form for many years ; spon- 
taneous healing has been observed. 

Epidemiology . — Direct transmission of A. hovis from one animal to 
another or from cattle to man has never been satisfactorily established. 
Many of the cases of actinomycosis reported in man are among persons 



Fig. 148. — Pulmonary infection in man with Actinomyces hovis. Margin of a granule in 
lung tissue showing the ray-hke structure. Note the bacteria designated Actinohacillus 
actinomycetem-comitans in the center of the granule. Gram stain; X 1000 (Humphreys). 


who have not been engaged in agriciiltural pursuits and, so far as discov- 
ered, have not come in contact with any preexisting cases in animals or 
man. Nor has A. bovis been found to exist as a saprophyte in nature. 
There has been some confusion on this point since Bostroem’s aerobic 
actinomycete is a widely distributed saprophyte; the Wolif-Israel organism, 
however, appears to be a strict parasite and as such is widely distributed 
in the normal human mouth and throat. Actinomycetes make up a large 
part of dental plaque material (p. 486) and fungi indistinguishable from 
A. bovis and capable of producing experimental actinomycosis in animals 
have been found in the absence of actinomycosis in carious teeth, dental 
and gingival scrapings and tonsillar crypts by many workers.^^ In fact 
it was early predicted by WrighT^ ^j^^at A. bovis would be found to be a 
normal inhabitant of the mouth. In the light of present knowledge it 

20 Cf. Sanford and Voelker: Arch. Surg., 1925, 11:809, Good: Arch. Surg., 1930, 21:786. 

2^ Cf. Lord and Trevett: Jour. Inf. Dis., 1936, 55.-115. Emmons: Puerto Rico Jour. 
Pub. Health & Trop. Med., 1935, 11:63. Also Slack: loc. cit, and Rosebury ei al.: loc. cit. 
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seems highly probable that the infection is endogenous in origin and that 
the fungus, normally present but of low pathogenicity, multiplies in the 
favorable environment provided by necrotic tissue resulting from injury, 
and occasionally establishes a focus of infection, possibly in association 
with bacteria which are eliminated as the infection progresses. 

Immimity. — ^There appears to be little effective acquired immunity 
to A. hovis infection. Recently the possibility of the development of a 
hypersensitivity to the actinomycete cell substance has received some 
attention. The apparently greater efficacy of repeated small doses over a 
single massive inoculation in the experimental production of the disease 
has provided the basis for Henrici’s^' suggestion that infection may de- 
pend on previous sensitization. This is not established as yet. 

Isolation and Diagnosis. — ^As indicated earlier, the demonstration of 
the typical actinomycete rosette in the tissue or pus of a specimen is suf- 
ficient to establish a diagnosis of actinomycosis in man. Actinomycosis in 
cattle may be confused with actinohacillosis ; the two are readily differ- 
entiated by examination of a gram-stained smear for the presence of 
gram-positive diphtheroid-like fragments of actinomyces filaments, or 
of gram-negative actinobacilli. As may be inferred from the foregoing 
discussion, animal inoculation is useless as a diagnostic method. Cultiva- 
tion of the fungus is often, though not always, successful. 

The procedure recommended by Wright^^ for the isolation of A, bovis 
in culture has been widely used. Granules, preferably from a closed lesion, 
are thoroughly washed in several changes of sterile water or broth, and 
then crushed between sterile glass slides. The material is inoculated into 
liquid (40® C.) 1 per cent dextrose agar in test tubes filled to a depth of 6 
to 8 cm. After incubation at 37® C. for four to eight days, characteristic 
colonies develop, in greatest numbers in a narrow zone 5 to 12 mm. below 
the surface. These may be isolated from the shake culture in the usual 
way, washed in sterile water or broth if there is reason to suspect bacterial 
contamination and subcultxrred in deep tubes of dextrose agar. Even in 
the absence of contamination the method is not particularly satisfactory 
and frequently fails. 

Rosebury, Epps and Clark^® have shown that abundant and character- 
istic growth occurs on the surface of enriched agar media containing dex- 
trose and incubated under anaerobic conditions in the presence of carbon 
dioxide. The fungus can, therefore, be readily isolated by the usual bac- 
teriological procediues. They recommend brain heart infusion containing 
2 per cent agar. The granule, exudate, or other material is streaked serially 
on plates of the medium by means of a sterile bent glass rod and the plates 
incubated four to six days under anaerobic conditions in the presence of 
5 per cent carbon dioxide. By this method A, hovis can be isolated even in 
the presence of heavy bacterial contamination. 

Mycetoma 

Mycetoma (fungus tumor) or Madura foot is an affection occurring 
with some frequency in Southern India; the first cases were reported (1842 
et seq.) from Madura, hence the name. It is a disease of tropical climates 



610 Medical Mycology 

though a number of cases have been observed about the Mediterranean 
in North Africa, in Greece and Italy. It also occurs in South America and 
the Caribbean islands. It has been observed in temperate climates, a few 
cases having been reported from Europe and the United States. It was 
first observed in this country by WrighU^ in Boston in 1898 and according 
to GammeP^ twenty-four cases had been found in this country up to 1927. 
The disease was first studied systematically by Vandyke Garter and the 
earlier work is discussed at length by Chalmers and Archibald^^ who 
proposed the system of classification of the mycetomas which is generally 
used. 

The disease usually affects the foot; occasionally the hand is attacked, 
and other parts of the body more rarely. It commonly occurs in those 
habitually going barefoot and the fungus presumably enters the body 
through some injury or abrasion. There is some evidence that it may re- 
main latent for some time, even a period of years, and become active fol- 
lowing injury. The part first involved, usually the sole of the foot, shows a 
small subcutaneous swelling which slowly enlarges and softens to become 
phlegmonous. It ruptures to the surface, sinus tracts form and the process 
burrows into the deeper tissues, producing swelling and distortion of the 
foot; the bones may or may not be extensively involved. Numerous small 
eminences are found on the surface, each the orifice of a sinus. The dis- 
charge is a viscid, slightly purulent, often foul-smelling fluid containing 
minute granular particles up to 1 mm. in diameter. The presence of these 
grains separates the mycetomas from pseudomycetomatous conditions 
observed in yaws, sporotrichosis, etc. The disease is strictly local, secon- 
dary abscesses seldom if ever occur and the internal organs are probably 
never affected. Iodide therapy is said to be effective in the actinomycete 
infections, but with extreme tissue destruction or other etiologic agents, 
surgical removal of the infected tissues, usually involving amputation, 
is necessary and curative. 

The most obvious chnical difference in the mycetomas is the color of 
the grains present in the discharge. These may be white, yellow or black, 
and red grains have been observed. These grains, or colonies, are composed 
of mycelial filaments of the fungus; clubs are often present in the actino- 
mycete grains, and chlamydospores in those of other fungi; and the color 
is due to the formation of pigment by the fungus. Differentiation into 
white or yellow grained types on the one hand, and black on the other, 
is clinically attractive but unsound since grains of the same color may be 
produced by Avidely different fungi, and in one instance both black and 
white grained types have been produced experimentally with the same 
strain of microorganism. It is customary, therefore, to divide the myce- 
tomas into two etiologic types : — 

(1) Actinomycosis — mycetoma of actinomycete etiology. 

(2) Maduromycosis — mycetoma caused by molds and mold-like or- 
ganisms. 

- Wright: Jour. Exp. Med.,. 1898, 5:422. 

23 Gammel: A.rch. Dermat. and Syph.. 1927, 15:241. 

24 Chalmers and Archibald: Ann. Trop. Med. and Parasit., 1916, 15:169. 
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Ma duromycos is 

It would seem that since none of the reported actinomycotic myce- 
tomas in which the fungus was identified showed black grains, and black 
grains are associated with maduromycosis, the white or yellow grained 
type may be either actinomycosis or madmomycosis while the black grained 
type is probably maduromycosis. There is in general a greater tendency 
to bone involvement in the actinomycete infections. Otherwise there ap- 
pear to be no clinical differences between the two types- The majority of 
reported cases are maduromycosis, but in this country eighteen of the 
twenty-four cases discussed by Gammel-^ were actinomycosis. 

Actinomycotic Mycetoma.^ — A number of species of actinomycetes 
have been described in mycetoma; GammeP lists thirteen and more 
recently Dodge^ gives fifteen. Of these two appear to be the most impor- 
tant, the others having been observed only occasionally. Actinomyces 
madurae is widely distributed and has been found in Tunis, Egypt, Algiers 
and Greece, in Senegal, Somaliland and Abyssinia, in India and in South 



Fig. 149 . — Actinomyces asieroides. Smear from a pure culture. Gram stain; X 1050. 


America and the Caribbean. Actinomyces asieroides was found in mycetoma 
in the Philippines and has since been observed in South America and in 
Europe. Of the others Actinomyces bahiensis has been found several times 
in Khartoum and Actinomyces somaliensis in Africa. It is of interest that 
A/bovis has been found in actinomycotic mycetoma in South America. 

Maduromycosis. — The etiology of maduromycosis is much more 
heterogeneous, the causative organisms including molds and mold-like 
fungi which more properly belong in the next section. Of the molds, spe- 
cies of Aspergillus and Penicillium have occasionally been found in maduro- 
mycosis. The other etiologic agents include organisms of the genus Madu- 
rella, secreting a black pigment and producing a black grain mycetoma; 
there are eight species of which the first to be described, Madurella 
mycetomi, is the most common. Closely related forms producing no pig- 
ment and causing white grain mycetoma are three species of the genus 
Indiella; these are not common. One of the sporotrichia, Glenospora 



612 Medical Mycology 

{Aleurisma), is responsible for some of the black grain and white grain myce- 
tomas and certain species of Monosporium (Scedosporium) cause both 
black and white grain mycetomas. 

Diagnosis. — As indicated above, the mycetomas are characterized by 
the presence of granules iti the discharge. The grains may be very hard 
and are usually treated with strong (20 per cent) sodium hydroxide to 
dissolve pigment and debris and examined in a wet, unstained condition 
for the presence of tangled mycelial filaments. Clubs may be observed in 
the actinomycete infections and thallospores, heavy-walled homogeneous 
structures, are found in Madurella and other infections. For differenti- 
ation and identification of the fungus, culture is necessary, on enriched 
dextrose agar in the case of actinomycetes and on Sabouraud’s medium 
in the case of others. 

Other Actinomycetes 

Scattered cases of various types of infection with actinomycetes are 
occasionally reported. Actinomyces aster aides, originally found in a brain 



Fig. 150. — Bronchopulmonary actinomycosis in man resulting from infection with the 
non-ray type (aerobic) of actinomyces. Note the branching mycelium in the giant cells. 
Gram stain; X 860 (Humphreys). 


abscess by Eppinger^s in 1890, has been observed in a variety of patho- 
logic processes including pulmonary affections sometimes called “pseudo- 
tuberculosis.” Its occasional occurrence in mycetoma has been noted 
above. Both this organism and Actinomyces gypsoides, another strain of 
A. aster aides, isolated by Henrici and Gardner^® from sputum in pulmonary 
disease, are acid-fast. These forms are immunologically related to the 
mycobacteria, the tubercle and leprosy bacilli.^^ A number of acid-fast 
actinomycetes have been isolated from similar affections and given various 
names ; Henrici and Gardner^® found twenty-six such cases in the hterature 
to 1921. Infection occurs first in the peribronchial nodes, followed by the 
Eppinger: Ziegler’s Beitr. z. path, Auat., 1890, 9:287. 

Henrici and Gardner: Jour. Inf. Dis., 1921, 2^:232. 

C/. KLedrowsky: Philippine Jour. Sci., 1937, 62:439 
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Other Actinomycetes 

development of a caseous bronchopneumonia with central softening and 
cavitation. The disease is of about six months’ duration and may be con- 
fused with tuberculosis; in acid-fast stains of sputum smears only the 
bacillary forms of the actinomycete are present and cannot be distin- 
guished from tubercle bacilli. It may be readily differentiated by culture 
and guinea pig inoculation. 

A disease of the foot occurring in India, cracked heels or keratodermia 
plantare sulcatum, and known locally as chaluni, haja, or panki, has been 
shown by Acton and McGuire^® to be caused by an actinomycete, Actino- 
myces keratolyticus. The fungus appears to have a lytic action on the horny 
layer of the epidermis and the disease is characterized by solution of the 
thick horny skin of the plantar surface in grooves. The skin cracks along 
these grooves to form deep fissures on the heel and in the thick sodden 
skin between the toes which extend through the corium to the subcu- 
taneous tissues. Secondary infection, especially with streptococci, is com- 
mon. 

The disease ulcus inierdigitale appears to be caused at times by the same 
organism. Deep fissures develop between the toes and large chronic ulcers 
appear which show httle discharge and are very painful. The lesions may 
extend deeply into the interdigital cleft and secondary infection may 
necessitate amputation of the toe. The ulcers may also develop in the sole 
of the foot in the region of the heel and great toe. Infection with A. kera- 
tolyticus occurs during the monsoon season and appears to be contracted 
through wgdking barefoot on damp soil contaminated with manure. 

Erythrasma, a superficial mycosis resembling tinea versicolor (p. 647), 
is caused by Actinomyces minutissimus {Microsporon minutissimum) . The 
initied lesion is a small scaly macule which slowly enlarges to produce a 
yellowish to reddish browm scaly patch with reddened borders. The dis- 
ease is usually confined to the groins. The axillae, the intergluteal cleft or 
other intertriginous areas are less frequently involved. It is never found 
on free (non-intertriginous) surfaces. 

Other actinomycete infections take a variety of forms. Abscesses in 
various parts of the body, including the brain, are observed from time to 
time and a number of cases of corneal infection and conjunctivitis have 
been reported. 

Actinomycotic infections of domestic animals are occasionally observed. 
One of the first to be reported was a farcy-like disease of cattle caused by 
Actinomyces farcinicus. Other infections are seen in sheep and goats in a 
variety of clinical forms. A skin disease of sheep of some economic impor- 
tance because of the copious exudate which prevents shearing and makes 
the wool unmarketable, and due to Actinomyces dermatonomus, has been 
reported from Australia.^® 

When actinomycetes are isolated from some pathologic process and 
studied, it is often found that the fungus does not conform precisely to 
previously described species, and a new species is created. Many species 
have been described, therefore, of which a large proportion are of doubtful 

Acton and McGuire; Indian Med. Gaz., 1931, 55:65. 

29 BuU: Australian Jour. Exp. Biol, and Med. Sci., 1929, 5:301. 
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importance either because of the rarity of their occurrence, as having been 
observed only once, or because there was some doubt as to the etiologic 
relation of the fungus to the disease. Dodge^ lists 140 species of actinomy- 
cetes of proved or suspected pathogenicity, including 29 which he regards 
as inadequately described. 

Actinomyces Muris-ratti 
(Rat-bite Fever, Haverhill Fever) 

A microorganism variously known as Streptothrix muris ratti, Haver- 
hillia multiformis^ Streptohacillus moniliformis, Actinomyces muris cind Actin- 
omyces muris-ratti is the cause of an acute febrile disease sometimes given 
the descriptive name erythema multiforme. It is also called rat-bite fever 
because it may be acquired through the bite of infected rats- 

For a good many years the etiology of the disease known as rat-bite 
fever was confused, for SchottmuUer,®® Blake®^ and others isolated from 
the blood of patients a fungus to whict the name Streptothrix muris ratti 
was given, while Japanese work indicated that a similar disease, known in 
Japan as sodoku, is caused by a spirochete. In 1925 an epidemic, milk- 
borne disease with unusual, and distinctive clinical features occurred in 
Haverhill, Massachusetts, and was given the descriptive name erythema 
arthriticum epidemicum or Haverhill fever by Place, Sutton and Willner.^^ 
The causative microorganism was isolated by Parker and Hudson;®^ it 
proved to be a member of the Aciinomycetaceae and was given the provi- 
sional name Haverhillia multiformis. In the same year LevaditP^ indepen- 
dently studied a similar organism from a case clinically like Haverhill 
fever and named it Streptohacillus moniliformis. Other work has yielded 
similar results, and it is highly probable that the fungus isolated and studied 
by all these workers is the seime, an actinomycete for which the proper 
name is Actinomyces muris-ratti. The Japanese work has also been amply 
confirmed and it is now clear that there are two types of rat-bite fever, 
completely different in etiology. The actinomycete infection concerns us 
here; the spirochetal disease is considered elsewhere (p. 697). 

The microorganism is, like the other actinomycetes, pleomorphic in cul- 
ture with branching filaments, fragmented, bacillary and cocco-bacillary 
forms being found in stained smears. Staining may be irregular, and swol- 
len and club-shaped cells are found. It has been suggested that this organ- 
ism is related to the organisms of the pleuropneumonia group. (See p. 495.) 
It is not acid-fast and, in contrast to most actinomycetes, is gram-negative. 
It requires enriched media for growth; Parker and Hudson^® found whole 
rabbit blood, allowed to clot and then inactivated, and broth containing 
serum or ascitic fluid excellent liquid media, and glycerine extract of po 
tato mixed with infusion broth, enriched with egg yolk and coagulated by 
inspissation, the best solid medium. Ldffler’s serum medium is not par- 

Schottmiiller: Derm. Wschr., 1914, 58 : suppl. p. 77, 

Blake: Jour. Exp. Med,, 1916, 2J.*39. 

^ Place. Sutton and Willner: Boston Med. & wSurg. Jour., 1926. 

33 Parker and Hudson: Amer. Jour. Path., 1926, 2:357. 

Levaditi: Presse Med., 1926, J4t:340. 
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ticularly satisfactory. Growth is markedly better under anaerobic condi- 
tions in the presence of added carbon dioxide than it is in the presence of 
air. 

When the disease in man is contracted through a rat bite, the initial 
wound heals but after a week or ten days becomes inflamed and painful. 
Adenitis develops and is followed by toxic symptoms which are the first 
evidence of the disease acquired from milk. These include headache, 
chills, vomiting and general malaise- An eruption of morbilliform char- 
acter appears, especially on the extremities, and there is a multiple ar- 
thritis, often severe. The cHnical resemblance to rat-bite fever of spiroche- 
tal etiology is very close, though Allbritten, Sheely and Jeffers^® believe 
the two can be differentiated. The causative microorganism may be iso- 
lated by blood culture and has been found in the fluid of affected joints. 
Agglutinins are formed and according to Brown and Nunemaker^® are of 
considerable diagnostic utility. 

A, muris-raiti has been found to be a normal parasite of rats and mice 
and is present in the nasopharynx. It may assume pathogenicity for the 
rodent host and produce sporadic or epidemic disease of either an acute 
septicemic or chronic polyarthritic type.^^ An epizootic in wild mice of 
the latter type has been reported from Austraha.^® It has also been found 
in bronchopneumonia of rats,®^ It is clear that man may acq[uire the dis- 
ease by the bite of normal rats and probably almost all sporadic cases 
arise in this way. Brown and Nunemaker^® are of the opinion that rat bite 
produces the actinomycete infection much more commonly than the spiro- 
chete infection in this country. Farrell, Lordi and Vogeh® report the four- 
teenth sporadic case of Haverhill fever on record, i.e., in the thirteen 
years following its differentiation in 1926, and Brown and Nunemaker®® 
have reported three additional cases; the number of undiagnosed cases 
and the proportion of previously reported cases of rat-bite fever that were 
A. muris-ratti infections are not known {cf. p. 698). As indicated above, the 
Haverhill epidemic was milk-borne; another milk-borne outbreak involv- 
ing eighty-six persons was reported^^ in 1934. Parker and Hudson®® found 
evidence which suggested that the Haverhill milk was contaminated by 
an infected cow but this could not be proven; others have suggested con- 
tamination of milk by rats as a possibility. 

A CTINOB ACILLUS 

Actinohacillus Lignieresi. — In 1902 Ligniers and Spitz^^ isolated a 
lion-motile, non-branching, non-acid-fast, gram-negative bacillus from the 

Allbritten, Sheely and Jeffers: Jour. Amer. Med. Assn., 1940, 1^4:2360. 

36 Brown and Nunemaker; Bull. Johns Hopkins Hosp., 1942, 70:201, 

37 Levaditi, Selbie and Schoen: Ann. Inst. Pasteur, 1932, 4<5:308. See also Mackie, van 
Rooyen and Gilroy: Brit. Jour. Exp. Path., 1933, i4.*13’2 and Strangeways: Jour, Path. 
Bact., 1933, 57:45. 

38 Williams: Med. Jour. Australia. 1941, f:357. 

39 Tunnicliff: Jour. Inf. Dis., 1916, 19:161. 

Farrell, Lordi and Vogel: Arch. Int. Med., 1939, 64:1. 

Place and Sutton: Arch. Int. Med., 1934, 54:659. 

Ligniers and Spitz: Bull. Soc. Cent. Med. Vet., 1902, 29:487, 546. 
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lesions of a disease of cattle which closely resembles actinomycosis and 
with which it is frequently confused. The microorganism is known as Actino- 
bacillus lignieresi and the disease as actinobacillosis. Originally found in 
Argentina, it appears to he relatively common and has been recognized 
in Europe and in this country 

Granules, very similar to but smaller and more numerous than the “sul- 
fur granules” of actinomycosis, are found in the thick pus from the le- 
sions. These granules or colonies contain clubs radially arranged about 
a center which is composed of detritus and gram-negative bacilli. The 
microorganism is pleomorphic in culture; diplococci and slender rods are 
foimd in smears from cultures in hquid media while long curved forms are 
present in deep colonies in agar media. The bacilli are 0.4 (i in diameter 
and 1 to 15 /X in length. 

Surface colonies on laboratory media are small, 0.5 to 1 mm. in diameter, 
smooth, glistening, convex, bluish white and delicate in appearance. In 
liquid media, such as serum-glucose-broth, the growth consists of small 
grayish granules adhering to the sides of the tube and readily broken loose 
by shaking; broth does not become turbid. The microorganism appears 
to be a strict parasite and grows very poorly or not at all except in media 
containing serum or whole blood. It is an obligate aerobe though primary 
cultures are often more successful in fluid media or serum-glucose-agar stab 
cultures, especially when incubated in an atmosphere containing 10 per 
cent carbon dioxide. Cultures grow up in twenty-four hours at 37° C.; 
growth is very slight at 20° C. Dextrose, lactose, sucrose, maltose, raflinose 
and mannitol are fermented; the fermentation of xylose is irregular. Arabi- 
nose, dulcitol, salicin and inulin are not fermented. Very small amounts 
of indol are produced, coagulated serum is not liquefied, and litmus milk 
is usually imchanged but sometimes slightly acid.^^ The systematic posi- 
tion of Actinobacillus is uncertain. Thompson^® has grouped it with the 
glanders bacillus and Bergey (1939) placed it in the family Bacteriaceae. 
It is generally regarded, however, as more closely related to the actino- 
mycetes. 

As indicated above, the disease in cattle closely resembles actinomy- 
cosis, differing in that the bones are seldom affected and the lesions are 
found in the soft tissues, the regional lymphatics being commonly involved; 
the subcutaneous tumors break down in time to form abscesses. The sub- 
cutaneous lesions respond to surgery but infection of the tongue, “wooden 
tongue,” is often fatal. The disease has been observed to occur in both 
epizootic and sporadic form. It is readily reproduced by inoculation of cattle 
but the microorganism is only feebly pathogenic for the usual experi- 
mental animals ; massive intraperitoneal inoculation of the guinea pig pro- 
duces a scrotal reaction similar to the Straus reaction (p. 547). A very few 
probable cases of human infection have been reported. 

^ Cf. Vawter: Cornell Vet., 1933, 23:126. 

** There is some discrepancy in the literature on these points, including primary iso- 
lation culture, suitability of coagulated serum media, etc. Here the writer has followed 
Hagan: The Infectious Diseases of Domestic Animals. Comstock Publishing Co. Ithaca, 
1943. 

^ Thompson: Jour. Bact., 1933, 26:221. 
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Actinobacillus Actinoides. — This microorganism was originally iso- 
lated from the lungs of calves suffering from a chronic pneumonia^® and 
later from a similar affection in white rats.^"^ It is not pathogenic for other 
e:^erimental animals and in fact its etiological relationship to the observed 
disease is open to some question. 

Actinobacillus Actinomycetiim-Comitans. — This bacillus has been 
observed and isolated from humem cases of infection with Actinomyces 
bovis, first by Kligler^^ in Germany, and later by Comstock^® in England 
and Bayne- Jones®® in this country. It occurs as densely packed gram-nega- 
tive cocco-bacilLL in contrast to the gram-positive actinomycete mycelimn 
in the interior of the sulfur granules (see Fig. 148). It has never been re- 
ported in bovine actinomycosis and the significance of its presence is open 
to question. 

Erysipelothrix Rhusiopathiae 

Microorganisms closely related to the actinomycetes have been foxmd 
to be the causative agents of swine erysipelas and a type of mouse septi- 
cemia ; they also infect man and the disease produced is termed erysipeloid 
to distinguish it from erysiplas of streptococcal etiology (p. 329). It was 
thought for a time that the mouse septicemia organism isolated by Koch,®^ 
the organism isolated from swine by Pasteur and Thuillier®^ and by 
Lbffler,®® and that found by Rosenbach®^ in human erysipeloid were dis- 
tinct species of a genus to which the name Erysipelothrix has been given, 
and they were called Erysipelothrix muriseptica, Erysipelothrix rhusio- 
pathiaCy dead Erysipelothrix erysipeloides respectively. The first of these, some- 
times called Bacterium murisepticum, is not to be confused with Pasteur- 
ella muriseptica (p. 447) which also has the same synonym. Other names 
that have been used are Erysipelothrix rhusiopathiae suis, Erysipelothrix 
porci, Bacillus erysipelatis suis, Actinomyces rhusiopathiae, and the swine 
rotlauf bacillus. It is now generally agreed that these organisms are iden- 
tical, or at least closely related varieties of the same species, for while their 
morphology is variable they are immunologically identical, and are recog- 
nized as a single species, Erysipelothrix rhusiopathiae. 

Morphology and Physiology. — Ery. rhusiopathiae occurs in two 
rather well-defined morphological types usually designated smooth and 
rough though their relationship to the S and R variants of bacterial dis- 
sociation is not clear. The smooth type appears as a small, slender, some- 
times slightly curved, non-motile, non-sporulating, gram-positive rod. 
Long chains of bacilli and filaments, sometimes beaded and showing 
swollen areas, are present in smears of the rough form. Both stain readily 

Theobald Smith: Jour, Exp. Med., 1918, 2^.'333. 

Jones: Jour. Exp. Med., 1922, J5;361. 

48 Kligler: Gentralbl- f- Bakt., I Abt. Orig., 1912, ^2:191. 

4® Comstock: Brit. Jotir. Exp. Path., 1920, 1.T97. 

8® Bayne-Jones: Jour. Bact., 1925, 10:569. 

81 CJ. Koch: Investigations into the Etiology of Traumatic Infective Diseases. New 
Sydenham Society. London. 1880. 

88 Pasteur and Thuillier: C. R. Acad. Sci., 1883, 97.T163. 

88 Loffler: Arb. Kaiserl. Gesundshamte, 1886, 1:46. 

8* Rosenbach: Ztschf. f. Hyg. u. Infektionskr., 1909, 5^:343. 
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and sometimes irregularly with deeply staining granules. Colonies of the 
smooth form on semisolid media are round, convex, amorphous, water- 
clear, and small, perhaps 0.1 mm. in diameter, and broth cultures are uni- 
formly turbid. The rough form produces larger colonies with a granular, 
curled appearance like that of very small colonies of anthrax bacilli, while 
growth in liquid media is in the form of flooculent, hairdike masses with 
little or no turbidity. The most characteristic growth is in gelatin stab 
cultures; bead-like colonies appear along the line of inoculation from which 
lateral filamentous growth occurs, resembling a test tube brush. 

The organism is microaerophilic hut will grow under aerobic or anaero- 
bic conditions; growth appears on the usual infusion media with twenty- 
four horns’ incubation at the optimum temperature of 30° C. There is 
no growth on potato. Fermentation reactions are variable from strain to 
strain but most ferment dextrose, lactose and levulose. Nitrate is reduced 



Fig. 151 . — Erysipeloihrix rhusiopalhiae. Pure culture. Note the similarity of this micro- 
organism to the actinomycetes. X 1000 (Krai). 

and hydrogen sulfide is produced, but indol is not formed and litmus milk 
is unchanged or slightly acidified.^® 

Ery. rhusiopathiae is somewhat more than ordinarily resistant to drying 
and to various preservative processes such as smoking, pickling and salting 
and survives for relatively long periods of time in putrefying meat and in 
water. It is probably in part because of survival of the organisms in filth 
that infected areas experience recurrences of the disease year after year. 

Patkogenicity. — In swine four clinical types of disease are found. In the 
dcute septicemic form, with lesions in the viscera and internal organs, the 
case fatality rate is high, perhaps 80 per cent, with death in three to five 
days. The urticarial form, known as ‘‘diamonds” or “diamond skin dis- 
ease” because of the occurrence of reddish to purplish rhomboidal blotches 
on the skin, may occur with or without visceral involvement and is seldom 

The cultural and. biocheinical characteristics of this organism are discussed in detail 
by Karlson and Merchant: Amer. Jour. Vet. Res., 1941, 2:5. 
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fatal. The chronic form is a vegetative endocarditis with erosion of the 
mitral valves in particular; death always results eventually. Arthritis may 
complicate the other clinical types or occur independently; it is usually 
not fatal but growth is stunted. The organisms are excreted in large num- 
bers in the feces and it is generally assumed that natural infection takes 
place by mouth although experimental feeding has given irregular results. 
Infection is spread in part by healthy carriers as well as diseased animals 
and pork trimmings in garbage probably account for isolated cases. 
Swine erysipelas is of very great economic importance in Europe, especially 
in Germany where it is known as Schweinerotlauf, and in recent years has 
been found to be more important in this country, at least in certain areas, 
than formerly thought. 

Sheep are occasionally infected with EJry. rhusiopathiae and develop a 
poly arthritic form of the disease. The organism is also pathogenic for a 
variety of birds and in this country turkeys are most often seriously af- 
fected;®® cyanosis is a prominent clinical feature and evident in the “blue 
comb.” 

The disease may be reproduced by the inoculation of swine though the 
results are irregular. Of the usual laboratory animals, white mice and 
pigeons are highly susceptible, dying in one to four days after subcuta- 
neous inoculation, and are commonly used in diagnosis. The rabbit is not 
very susceptible and the guinea pig is quite resistant- In general the viru- 
lence of the microorganism varies widely. 

Pathogenicity for man. — Human infection with Ery. rhusiopathiae is 
well known.®^ The septicemic type with diffuse erythema is rare in man 
and only a very few instances have been reported. The chronic form with 
endocarditis and polyarthritis is also very rare. The usual type of infection 
is an erythematous-edematous lesion, the local lesion commonly devel- 
oping on the fingers or hand from an abrasion where the infection enters. 
The lesion, although spreading, never extends beyond the wrist. There is 
some swelling and a marked erythema of the region and sometimes a local 
arthritis and regional adenitis. The disease is ususdly self-limiting and 
terminates within a month. The organism may he cultivated from an ex- 
cised piece of skin from the lesion. 

.Human infection can almost invariably be traced to contact with ani- 
mals and animal products such as meat, hides, bones and manure, or to 
fish and shefifish®® and the disease is, therefore, associated with certain 
occupations. For example, more than half the cases found in the Phila- 
delphia region were in slaughterhouse workers. The disease has been ob- 
served in workers in a bone button factory using cattle and hog honest ®® 
and it is not uncommon in fishermen and fish handlers. It also occurs in 
persons working in kitchens with raw meat and fish. In this country con- 

56 The incidence and epidemiology of the disease are discussed by Rosenwald and 
Dickinson: Anaer. Jour. Vet. Res., 1941, 2:202. 

57 The h uTTiPTi disease is discussed at length by Klauder: Jour. Amer. Med. Assn., 
1938, iff. *1345. See also Everts: Jour. Amer. Vet. Med. Assn,, 1941, 9^:213. 

58 Klauder and Harkins: Jour. Amer. Med. Assn., 1931, 9^:1205. Also Klauder: Jour. 
Industr. Hyg., 1932, f4:222. 

58 McGinnes and Spindle: Amer. Jour. Pub. Health, 1934, 24:32. 
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tact with live fish and Crustacea appears to be the chief source of infection. 
Hettche®® has reported finding rhusiopathiae in 10 of 30 specimens of 
sewage at Konigsberg in Prussia and in 5 of 52 specimens at Munich; the 
source apparently was slaughterhouses where infected animals were being 
killed. Under experimental conditions the organisms not only survived 
for some days in water but fish developed a latent infection when fed in- 
fected meat; the microorganism could he isolated from most organs in- 
cluding the kidney, and were excreted in large numbers in the urine, con- 
taminating the water. 

Immunity. — There is a definite immune response in infected hogs as 
evidenced by the formation of agglutinins which have diagnostic value. 
Antiserum has therapeutic value and in man is given both intramuscularly 
and by infiltration about the local lesion. Passive immunization of swine 
is an effectiveprophy lactic hut the immunity lasts no longer than two weeks. 
Animals may be actively immunized with the vaccine developed by Pasteur 
and Thuillier^^ attenuated the organism by passing it through rab- 
bits. Vaccine erysipelas occurs with some frequency, however, and the 
method has now been largely superseded by the simultaneous inoculation 
of virulent culture and antiserum. Since the vaccine maintains and spreads 
infection in herds, the Bureau of Animal Industry has only recently (1942) 
permitted its limited use in this country and only in areas where the dis- 
ease has become prevalent. Both methods provide adequate protection 
for eight to twelve months; periodic reimmunization is required for breed- 
ing stock. 

II. THE MOLDS AND MOLD-LIKE FUNGI 

The fungi proper, or Eumycetes, are quite distinct from the true bacteria, 
being closely related to the higher algae but differing from them in that 
they lack chlorophyl. Phylogenetically, their differentiation may have 
arisen through a degenerative loss of chlorophyl and adaption to a chemo- 
synthetic type of metabolism. Some of the fungi are unicellular, others are 
multicellular, and still others are sometimes unicellular and sometimes 
multicellular, that is to say, dimorphic; some of the parisitic fungi are 
unicellular in the tissues and multicellular in culture. For present pur- 
poses we shall consider the multicellular forms here under the head of 
molds and mold-Hke fungi, and the unicellular forms such as yeasts and 
yeast-like fungi in the following section, though the occurrence of inter- 
mediate forms and taxonomic considerations makes such a differentiation 
inconsistent. 

Hyphae and Mycelium. — The multicellular fungi are made up in 
large part of cells attached end to end to form filaments or hyphae. These 
are considerably larger in diameter than the actinomycete filaments de- 
scribed earher, and the latter are perhaps to he regarded as a rudimentary 
type of hyphae. In some instances certain of the hyphae may be coiled to 
form helices. The mass of branching, intertwining and sometimes anasto- 
mosing hyphae making up a colony of the fungus is the mycelium. The en- 
tire mass is also sometimes called the thalliis. 

®®Hettclie: Arch. f. Hyg. u. Bakt., 1937, ii9.T78. 
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Molds and Mold-like Fungi 

Two main structural types of mycelium may be distinguished. In one 
of these the cells making up the hyphae are not separated by cross walls 
or septa, making possible a characteristic flowing of protoplasm through 
the multinucleate structure. Such a structure is said to be non-septate or 
coenocytic. Certain of the algae are of similar structure and the fungi thus 
characterized are called phycoiriycetes or algae-like fungi. In the majority 
of fungi, however, the hyphae are septate, each cell separated from the 
other by cross walls. The individual cells contain a single nucleus, as in 
the ascomycetes, or sometimes two as in certain of the hasidiomycetes . Thus 
these three main classes of fungi may be distinguished in part on the 
basis of the structure of the mature, non-sporulating hyphae, though this 
is not one of the main characteristics upon which their differentiation is 
made. 

The mycelium is further differentiated into two general types which 
differ in function. One of these, the vegetative mycelium, consists of masses 
of hyphae within the colony, adjacent to and growing into the substrate, 
and is concerned with the assimilation of food materials. Fragments of 
such mycelium will, of course, reproduce if transferred. The other type, 
or reproductive mycelium, usually extends into the air to form an aerial 
mycelium and gives rise to reproductive bodies or spores. The mode of 
spore formation and the structure of the spore and spore-beeiring elements 
are the characteristics by which the fungi are differentiated, classified and 
identified. 

It may be noted that in addition to sporulation and the vegetative 
growth of hyphae, many species of fungi reproduce by the separation of 
cells, known as oidia, from any part of the mycefium. These vegetative 
reproductive forms may give rise to new mycelixun or reproduce themselves 
by budding fike the yeasts, according to the environment in which they 
are placed. 

Spore Formation. — Two kinds of spores are to be distinguished, the 
sexual spores which are produced by the fusion of two cells which may or 
may not differ morphologically and which are referred to as plus and 
minus rather than male and female, and the asexual spores which arise by 
differentiation of the cells of the spore-bearing hyphae without fusion. 
Fungi for which both sexual and asexual types of spore formation are 
known are “perfect fungi” and are further differentiated on the basis of 
differences in asexual spore formation and other morphological character- 
istics. This group includes the phycomycetes, the ascomycetes and the 
basidiomy cet es . 

Sexual Spore Formation. — The most common of the phycomycetes are 
species of Mucor and Rhizopus. These molds produce a sexual spore known 
as a zygospore by the fusion of neighboring filaments of the same or dif- 
ferent plants. The ascomycetes, which include a number of genera as well 
as certain strains of Penicillium and of Aspergillus, and also the yeasts, 
form sexual spores known as ascospcres because they are contained in an 
ascus or sac. Their formation is simplest in the yeasts in which two contig- 
uous cells fuse by means of minute tube-like processes, the nuclei unite, 
and the resulting single nucleus divides three times to give eight daughter 
21 
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nuclei. Reserve material accumulates about each nucleus, a spore wall is 
formed, and the cell containing this is the ascus. In most of the ascomy- 
cetes the process is somewhat more complex and the cells which fuse may 
be distinguishable and are termed the oogonium and anlheridium. The cell 
resulting from fusion gives rise to new hyphae, the next to last cell is 
binucleate, and these nuclei fuse and then divide to form the ascospores, 
E.e., two nuclear fusions are involved in the entire process. The basidio- 
spores are also formed by a complex process including nuclear fusion; 
this group is made up of the mushrooms, puffballs and other fleshy fungi, 
none of which is pathogenic. 

Fungi Imperfecti . — A large group of fungi, which includes practically 
all of the pathogenic forms, is made up of those for which a sexual phase 
has not been demonstrated and only asexual spores are produced. They 



Fig- 152 . — Rhizopus sp. Mounted in Annam’s medium. Note the single-celled (non- 
septate) mycelium and ruptured, empty sporangia. The small oval bodies are free spores. 
The root-Mke structure at the base of the hyphae is the “hold-fast” by which the mold 
is attached to the nutrient medium. X 80. 


are known as the “imperfect fungi” or Fungi Imperfecti and are some- 
times called hyphomycetes; they make up the fourth group of eumycetes. 
The group is necessarily only provisional and various species of fungi are 
removed from it from time to time as their sexual phases are discovered. 
It is also heterogeneous and includes species which are much more closely 
related to those of other groups than to one another; for example, certain 
species of Aspergillus are classed with the ascomycetes while others, whose 
sexual phase is as yet unknown, are placed with the Fungi Imperfecti. 

Differential Characteristics of Genera and Species. — While sexual 
spore formation is the basis for primary differentiation of the eumycetes, 
genera and species of both the “perfect fungi” and the Fungi Imperfecti 
are distinguished by other morphological characteristics. These, however, 
assume primary practical importance, especially for the pathogenic forms. 
They may be summarized briefly: 
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(1) Reproductive Structures. — The characteristics of asexual spore formation: 

(a) In the more primitive molds, the phy corny cetes, the asexual spores are charac- 
teristically produced within a capsule or sporangium. For example, in Bhizopus nigricans, 
the co mm on white cottony mold found on damp bread, horse dung, etc., erect unhranched 
hyphae arise from the single-celled mycelium and near the apex of each a septum forms. 
The tip then swells into the globular sporangium, within which numerous oval spores 
develop; the wall of the ripe sporangium ruptures easily, and the spores are discharged 
by the swelling of the gelatinous mass in which they are embedded (see Fig. 152). 

(b) In the higher molds the asexual spores are not enclosed in a capsule, but are pro- 
duced free by segmentation of the tips of the hyphae. Such spores are known as conidia 
and the spore-bearing hyphae as conidiophores. Various types of structures are developed. 
For example: 

(i) In Aspergillus the unbranched conidiophore arises from an enlarged cell of the 
vegetative mycelium, designated the foot cell, and terminates in a swollen tip, the 
vesicle. A number of little, tenpin-shaped stalks, the sierigmata or phialides, are given 
off from the vesicle and the chains of conidia are abstricted from these (see Fig. 153). 


Fig. 153. — Aspergillus sp. mounted in Annam’s medium. Note the fully developed 
sterigmata and the chains of conidia abstricted from the tips. The large dark masses are 
made up of free conidia. X 370. 


(ii) The common blue-green mold, Penicillium, has a similar structure; the terminal 
portion of certain hyphae breaks up into finger-like verticillate branches and, on the tips 
of these, sterigmata abstrict chains of conidia (see Fig, 154). 

(iii) In Hormodendrum the formation of conidia differs from that of many other molds. 
Instead of successive conidia being formed by repeated constriction of the tip of the 
sterigmata to form a chain in which the terminal spore is the oldest, the conidiophore 
forms but one spore which buds to form a second, the second forms a third, etc. Further- 
more, a spore may develop more than one bud simultaneously thus producing branching 
chains of conidia. It may be noted that differentiation is made among these organisms 
on the basis of formation of phialides. 

(iv) Aleuriospores resemble conidia in a general way in size and shape but differ in 
that they are formed on short lateral branches of hyphae, and sometimes directly on the 
hypha itself, rather than on the tips of specialized conidiophores, and are not set free 
when mature but are liberated only when the mycelium that forms them disintegrates. 
When the lateral branches are very short with many spores and/or the aleurospores are 
directly attached to the hyphae in considerable numbers, the structures are sometimes 
referred to as hyphae sporiferae, thyrsi sporiferae, or simply as thyrsi (see Fig. 163). 
Aleuriospores are perhaps to be regarded as lateral chlamydospores (see below) and are 
characteristic of the ringworm fungi in particular. 
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(v) Spindle-spores or fuseaux are large, thick-walled structures, septate and composed 
of several cells, which are formed by the aerial mycelium. Fuseaux are formed in large 
numbers by some species of fungi and only rarely by others and assume some differential 
significance, especially among the dermatophytes. Some workers regard shape, blunt or 
pointed ends, and other morphological characters of these bodies as valid differential 
characteristics (see Figs. 160 and 161). 

(vi) Fragmentation of the mycelium resiilts in the production of bodies termed arihro- 
spores. These are often produced by the dermatophytes in the lesions in the skin and 
hair but are only rarely observed in culture. They are not true spores and are perhaps 
best regarded as oidia in structure and function though this point is seldom made. 

(c) Large, thick-walled structures formed within the vegetative mycelium, sometimes 
within hyphae, at others laterally on short stalks, are designated chlamydospores (see 
Fig. 159). These structures are often irregular in form and some are composed of several 
cells and approach a spindle form. In such cases they resemble fuseaux and, in fact, in 
much of the literature are referred to as fuseaux. 

(2) Vegetative or Mycelial Structures. — A number of structures are formed by 
the vegetative mycelimn which have no reproductive significance but are of consider- 
able value in the differentiation of the pathogenic fungi. 



Fig. 154 . — Penicillium sp. mounted in Annam’s medium. Note the characteristic finger- 
like verticillate branches and the terminal cheuns of conidia. X 440. 

(a) Spirals or coiled hyphae, similar to the coiled filaments of actinomycetes described 
in the preceding section, are observed in a number of the pathogenic mold-like fungi 
(see Figs. 162 and 164). 

(b) Nodular organs are formed by some species. These are enlargements in the myce- 
lium which consist of closely twisted hyphae, either side branches twining about the 
parent stem or different hyphae twisted together, and the resulting structure has a nobby, 
nodular appearance. 

(c) Raquet mycelium or mycelium en raquette is a term applied to certain hyphae, 
usually larger than the others, that show a regular enlargement of one end of each 
segment, large and small ends being in apposition (see Fig. 165). 

(d) The term pectinate bodies is applied to unilateral short irregular projections from 
the hyphae, giving a “broken comb” appearance. 

(e) Pavic chandelier is the name ajpplied to the structure formed by the occurrence of 
nmnerous short multiple hyphal branches having the appearance of a reindeer horn. 
This structure is not common, occurring only in the favus fungus, Achorion schoenleini 
(see Fig. 166). 

(3) Colonial Morphology, — ^The morphology of colonies on Sabouraud’s “differen- 
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tial” medium has assumed greater importance for the dermatophytes than for the other 
pathogenic fungi. In fact, in this group primary differentiation is made on this basis and 
colonial morphology often serves to identify a species. 

Microscopic Examination. — The methods used in the microscopic ex- 
amination of the fungi vary somewhat according to the nature of the 
material and the purpose of the examination. In general the staining 
methods so useful in the study of the bacteria are not appHcable; the fungi 
are all gram-positive and may be found in gram-stained smears but their 
morphology is obscured. Wet, unstained or lightly stained preparations 
are most informative. 

Specimens . — Open or draining lesions are almost always so heavily con- 
taminated by secondary bacterial invasion that fungi are' very difficult to 
find; in material from surgically opened lesions they are usually demon- 
strable though not so numerous as bacteria in corresponding bacterial 
infections. In the dermatomycoses secondary bacterial infection ordi- 
narily does not interfere with the microscopic demonstration of the 
fungus elements. The dermatophytes hve in keratin material exclusively, 
and specimens should be taken from scrapings of horny layers, tops of 
vesicles, scrapings from nail plate, and hair. 

The material should be mounted in strong (10 to 20 per cent) hot so- 
dium hydroxide, which dissolves or makes translucent the tissue elements 
but ordinarily does not affect the fungi, and examined as a wet unstained 
preparation. Antiformin or lacto-phenol may be used instead of sodium 
hydroxide. Care must be taken to distinguish between spores and fat 
globules and between mycelium and fibrin strands; a mycelial-like struc- 
ture (“mosedc fungus”) may be formed in some preparations, presumably 
from cholesterol. Fungi may be demonstrated in tissue sections, as the 
waUs of abscesses, granulomatous tissue, etc., by the Unna-Pappenheim 
(methyl green-pyronin) stain. 

Cultures . — A bit of growth is removed from the colony, teased apart in a 
drop of water, and examined as a wet preparation. While the various 
structures may be seen, the arrangement of the elements is seriously dis- 
turbed. Slide cultures, such as those described by Henrici,^ show the 
structure and arrangement of the growth and may be made into perma- 
nent mounts. 

Cultivation. — Most of the fungi grow very rapidly but the patho- 
genic forms usually grow relatively slowly and two or three weeks’ incuba- 
tion may be necessary. Their morphology is markedly affected by the type 
of medium on which they are grown. In general they show no unusual 
nutritive requirements and grow readily on all the usual bacteriological 
media, especially if a sugar is added. Many molds tolerate a high acidity 
and may be cultivated on tartaric acid-dextrose nutrient agar on which 
bacterial growth is inhibited. Most grow well on modified Czapek-Dox 
medium (a glucose-nitrate synthetic medium) which is reproducible and 
has been widely used as a “standard” agar for descriptive purposes. Sabou- 
raud’s medium, a peptone-maltose agar, is perhaps the most widely used 
medium in medical mycology for the isolation and maintenance of cul- 
tures, especiallv the dermatophytes. Because of the influence of the com- 
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position of the medium on morphology, it is insisted that only “crude 
maltose of Chanut” (4 per cent) and “granulated peptone of Chassaing,” 
brands obtainable only from a certain firm in Paris, be used. This is Sab- 
ouraud’s “proof agar” (milieu d’epreuve). For most work, however, any 
maltose or peptone suffices and crude dextrose, such as corn syrup, may be 
substituted for the maltose. 


PATHOGENIC MOLDS AND MOLD-LIKE FUNGI 


Organism 

Disease 

Geographic Distribution 

Asp erg Ulus f iim igat us 

Aspergillosis — pulmonary in 
birds, otomycosis and pul- 
monary infection in man 

Europe and U. S.; otomycosis 
most prevalent in India, 
probably ubiquitous 

Fonsecaea pedrosoi 

C hromoblastomycosis 

Ubiquitous with the possible 
exception of Europe; espe- 
cially South America and 
Puerto Rico 

Sporotrichum schencki 

Sporotrichosis 

Europe and U. S., probably 
ubiquitous in temperate cli- 
mates 

Microsporum species 
Trichophyton species 
Achorion species 
Epidermophyton species 
Endodermophyfon species 

Dermatophytosis in man, ^ 
some species natural para- 
sites of animals 

In general ubiqxiitous, variable 
from species to species 


Aspergillus (Aspergillosis) 

The blue-green mold commonly observed on damp bread and similar 
materials is usually an aspergillus, often called Aspergillus glaucus, though 
this name has been so indiscriminately applied that it now has little or 
no precise significance. So far as is known, these bread molds are not 
pathogenic. A similar mold, however, also producing a blue-green pigment 
and known as Aspergillus fumigatus, is highly pathogenic for birds and 
also occasionally for man. 

Pathogenicity for Animals. — Aspergillosis of domesticated birds, 
pigeons, ducks and chickens, is not uncommon and at times assumes 
economic importance. Three types of infection occur, infection of the air 
sacs, and both nodular and pneumonic forms of lung infection. Infection 
of the air sacs takes the form of a superficial infection of the epithelial 
lining, which becomes thickened and covered with a mat of green, sporu- 
lating mycelium. In the nodular form of the disease tubercle-like masses 
of infiltrated tissue, necrotic in the center, are formed. A diffuse infiltra- 
tion develops in the pneumonic form and the lung tissue is consolidated 
and grayish white in color. The pneumonic disease sometimes assumes 
epidemic form in chicks and is known as “brooder pneumonia.” The 
source of infection is usually moldy grain or straw. The fungus may also 
invade the egg during incubation with infection of the embryo. Cattle, 
sheep, and especially horses develop aspergillosis though less commonly 
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than birds; the lesions are pulmonary and may be either nodular or pneu- 
monic. 

Strains vary widely in their pathogenicity when tested by inoculation 
of experimental animals. In general those isolated from infections are 
highly virulent, while those found in air and elsewhere are of low virulence. 
With virulent strains a fulminating, rapidly fatal pneumonia may be pro- 
duced in pigeons by inhalation of spores, while feeding grain overgrown 
with the mold often produces an infection of the air sacs. Intravenous inoc- 
ulation of pigeons results in an acute infection with multiple miliary 
abscesses, especially in the lungs, if the dose is not too large. Rabbits in- 
oculated intravenously with spore suspensions of virulent strains usually 
die in three to five days with multiple abscess formation, notably in the 
kidney, while subcutaneous or intraperitoneal inoculation produces localized 



Fig. 155. — Pulmonary aspergillosis in man showing a fruiting heat and spores in a 
cavity in the lung tissue. The spores are slightly smaller than red cells and show a 
crenated edge when viewed from the end and a banded appearance from the side. Iron 
hematoxylin; X 650 (Humphreys). 

lesions which may or may not be fatal. Henrici®^ has shown that A. fumi- 
gatus produces an endotoxin. 

Pathogenicity for Man. — Human cases of aspergillosis are most fre- 
quently infections of the external ear (otomycosis) . The disease varies from 
a plugging of the external meatus with a mass of mycelium to ulcera- 
tion of the walls and even penetration of the middle ear; the mild cases 
are the most numerous. This type of aspergillosis is said to be relatively 
common in India, less so elsewhere though a considerable proportion (1 
per cent) of ear infections in Germany have been reported to be asper- 
gillosis. While A. fumigatus is the most common invader, A. nidulans. A, 
flams and A . niger are sometimes found. 

Infection of the lung is rare in man and probably is often secondary, 
particularly to tuberculosis. The disease is clinically similar to and may be 
mistaken for tuberculosis: there is extensive cavitation and it advances 

®^Henrici: Jour. Immunol.. 1939, 56:319. 
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rapidly. The mycelium may be found in the sputum and the fungus is 
readily isolated by culture but other etiologic agents must be excluded. 
Most of the reported cases of lung infection are among bird-fanciers, es- 
pecially those having to do with the care of pigeons; there is convincing 
evidence that transmission of the disease from pigeons to man can take 
place. 

Very rarely aspergillosis may take other forms in man. The occurrence 
of Aspergillus in maduromycosis has been noted earlier and a case of 
chronic suppuration with discharge of grains has been reported. It has been 
contended by some workers that fungi of the A. nidulans group may be 
responsible for certain types of splenomegaly but this appears doubtful. 



Fig- 156. — Primary mycotic bronchitis in man resulting from infection with Asper- 
gillus sp. Left, mycelium invading the wall of the bronchus; X 950. Right, a segment of 
swollen mycelium in the deeper tissues under higher magnification; X 1550. Hematoxylin 
and eosin (Humphreys), 

Fonsecaea Pedrosoi (Chromoblastomycosis) 

Chromoblastomycosis was discovered by Pedroso in 1911 but his ob- 
servations were not reported until 1920, the first case in the literature 
being reported from Boston by Medlar in 1915.®^ The number of recorded 
cases is relatively small ; something over one hundred authentic cases have 
been reported altogether and the sixth case in this country was reported 
in 1941.®^ The geographical distribution is wide, however, with the greatest 
number of cases found in Puerto Rico and Brazil while others have been 
observed in other parts of South America, Africa and the Far East. Chro- 
moblastomycosis has been of increased interest in recent years and present 
knowledge of the disease has been summarized by Emmons^ and by Car- 
rion. 

«2 Pedroso and Gomes: Ann. Paulistas de Med. e Cir., 1920, li:SZ. Quoted by Emmons 
and Carrion. i 

Medlar: Jour. Med. Res., 1915, 32:507. 

^ Emmons, Hailey and Hailey: Jour. Amer. Med. Assn., 1941, 116:25. 

“ Carrion: Mycologia, 1942, 54:424. 
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The causative fungus is closely related to the Hormodendrum^Clado- 
sporum group and was named Hormodendrum pedrosoi by Brumpt. Three 
types of sporulation are observed, the predominant type differing from 
one strain to another, and this has led to the splitting of strains into several 
genera with considerable confusion resulting. The new genus Fonsecaea was 
created by Negroni in 1936 and has gained some general acceptance and 
the organism is, therefore, also commonly known as Fonsecaea pedrosoi. 
Since the Hormodendrum type of sporulation is not an outstanding char- 
acteristic, Carrion®® has proposed that the name Fonsecaea pedrosoi be 
accepted as the only species and that four varieties, typicus, cladospori- 
oides, phialophorica, and communis^ be recognized on the basis of pre- 
dominant type of sporulation. Mycelium is not formed in the tissues and 
the parasitic phase of the fungus is a brown sclerotic cell which divides 
by septation. 

The disease is an infectious granuloma of the skin and subcutaneous 
tissues, occurring usually, though not always, on the feet and legs. It 
ordinarily begins with a small weirty growth on the foot and extends up- 
ward through the development of satelhte lesions. It almost always re- 
mains localized, metastases are very rare, and there are no constitutional 
symptoms. The disease develops very slowly; usually the case is of ten to 
fifteen years’ duration at the time of examination, and some are known 
to have persisted for as long as forty years. In advanced cases there is 
some elephantiasis of the affected hmb and great numbers of lesions. 
These vary somewhat and are of four general types: hard, elevated, pig- 
mented nodules; large, cauliflower-like, prominent tumors; moderately 
elevated, dull red, scaly patches; and discrete or diffuse verrucous hyper- 
keratotic growths. The lesions are readily traumatized and the disease may 
be complicated by secondary bacterial infection and ulceration. The scler- 
otic cells appear as spherical bodies, perhaps 12 ix in diameter, with a thick 
membrane and granular protoplasm and often show internal septation. 
They may be observed in biopsy specimens either within giant cells or 
free in the tissues, and are demonstrable in the epithelial debris obtained 
by scraping the lesions. The fungus may be cultured from such scrapings 
or from infected tissue. 

There appears to be no evidence of spread of the infection from one 
person to another. Since the disease tends to occur on the legs and feet 
of barefoot, outdoor laborers in the tropics, it seems probable that the 
fungus is a saprophyte normally present in soil or decomposing organic 
matter which, when introduced into the skin by a splinter or thorn or 
through some minor abrasion, may at times assume pathogenicity. 

Sporotrichum Schencki (Sporotrichosis) 

Sporotrichosis was first recognized by Schenck in this country in 1898®® 
and a few years later in France by Beurmann and Ramond.®^ It has since 
been found all over the world, though the majority of reported cases are 
from the United States, especially from the Mississippi and Missouri 

Schenck: Bull. Johns Hopkins Hosp., 1898, 9:286. 

Beurmann and Ramond: Ann. de Derma et Syph., 1903, 4:678. 
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Valleys, and from France. The disease, together with blastomycosis, is 
perhaps the most common and most important of the serious mycoses.^*^ 
Fungi of the genus Sporotrichurn are characterized by the production 
of pear-shaped conidia directly from the mycelium which arise both 
laterally and at the tips of hyphae. The characteristic arrangement is not 
apparent in smears from cultures and the spores are usually found free, 
but is readily demonstrable in slide cultures. The hyphae are considerably 
more slender, 2 /z in diameter, than those of most molds, The character 
of the growth on agar is different from that of other molds ; the colony is 
first soft and creamy in consistency, becoming more firm as the culture 
grows older, and there is no cottony mass of aerial mycelium. The growth 
also becomes darker with age, being at first a light tan which deepens to a 
dark brown or even almost black. Mycelium is not formed in the tissues and 
the parasitic phase of the fungus is a cigar-shaped body resembling an 



Fig. 157 . — Sporotrichurn schencki in culture. Spores and hyphae. Unstained preparation; 

X 450 (Rothman). 

elongated yeast cell, 1 to 3 ju in breadth and 2 to 10 /x in length. These 
bodies are usually found within the leucocytes and apparently reproduce 
by fission. They are not spores. 

The organism described by Schenck was named Sporotrichurn schencki 
by Hektoen and Perkins.®® That isolated in France was supposed to be a 
different species and came to be known as Sporotrichurn beurmanni. The 
differences between the two are pigmentation, S. schencki being the lighter, 
the formation of fewer lateral spores by jS. schencki, and the fermentation 
of sucrose but not lactose by S. beurmanni and the reverse by S. schencki. 
There also appear to be some differences in the clinical type of disease 
produced. These differences are not constant, however, and are subject 
to environmental modification, and it is apparent that the two are but a 

For general discussion see Beurmann and Gougerot: Les Sporotrichoses. Felix Alcan. 
Paris. 1912; Foerster: Amer. Jour. Med. Sci., 1924, ^^7:54; ihid.^ Jour. Amer. Med. 
Assn., 1927, 57:1605. 

Hektoen and Perkins: Jour. Exp. Med., 1900, 5:77. 
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single species, S. schencki, Tlie name S. heurrnanni continues to persist in 
the literature, however, giving the impression of two recognized species. 
The fungus infecting horses, Sporotrichum equi, is also identical with S. 
schencki. 

Pathogenicity for Man. — The most common form of sporotrichosis 
in this country is cutaneous; the primary lesion, appearing at the site of 
some minor injury, often on a finger, fails to heal, ulcerates and is fol- 
lowed by the appearance of a series of subcutaneous abscesses along the 
course of the regional lymphatics. The subcutaneous lymph vessels can 
often be traced as reddened lines. Infection seldom extends beyond the 
regional lymph nodes and cases of generalized hematogenous infection are 
rare in this country though apparently more common in France. Meta- 
static lesions may appear in the fiver or lungs and are most common in 



Fig. 158. — Giant colony of Sporotrichum schencki on Sabourand’s agar, three weeks old. 

X 2. 


the testicles. The firm nodules in the skin are suggestive of syphilitic gum- 
mata and probably some cases of sporotrichosis have been so diagnosed. 
Henrici^ has pointed out the common use of iodides in the treatment of 
tertiary syphilis in this connection and suggests that some cases of mis- 
taken diagnosis may be apparently confirmed because of the therapeutic 
efficacy of these compounds in sporotrichosis. 

Epidemiology. — Direct transmission of the infection from man to 
man has been observed but is very rare. A certain number of human in- 
fections have also been contracted, either directly through bites or indi- 
rectly by contact, from naturally infected horses and rats. In the great 
majority of cases, however, the fungus is introduced into the tissues from 
plants through some abrasion. Thus in fourteen of eighteen cases reported 
by Foerster®^ infection followed wounds by barberry thorns. The disease 
has been observed in florists and the fungus isolated from sphagnum 
moss.'^° It has been observed growing free on grains and Benham and Kes- 
Gastineau, Spolyar and Haynes: Jour. Amer. Med. Assn., 1941, fi7;1074. 
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ten^^ demonstrated its ability to grow on barberry and carnations; in the 
latter a bud rot was produced, an interesting example of infection of hosts 
as diverse as plants and man. It seems highly probable, therefore, that 
the fungus lives a saprophytic existence in nature, occasionally setting up 
an infection in man when mechanically introduced into the tissues. 

Diagnosis. — The diagnosis of sporotrichosis is established by demon- 
stration of the fungus. The cigar-shaped parasitic cell is gram-positive and 
may be found in gram-stained pus smears. These forms are relatively in- 
frequent in human material, however, and sporotrichosis is not excluded 
by failure to find them. The fungus is readily cultivated on Sabouraud’s 
medium from pus aspirated from unopened lesions. Rats are highly sus- 
ceptible to infection and rat inoculation is of considerable diagnostic value. 
Male white rats are inoculated intraperitoneally ; a pronounced orchitis 
occurs and there is a generalized peritonitis with minute nodules on all the 
peritoneal surfaces. The cigar-shaped cells are present in abundance in 
the rat lesions and may be found readily in gram-stained smears. 

Immunity. — There is an immune response to infection manifested by 
the appearance of agglutinins (for spores) and complement-fixing anti- 
bodies. These are of some diagnostic value though somewhat non-specific 
in that sera from persons with thrush or actinomycosis will give positive 
reactions. A cutaneous test with sporotrichin, a preparation analogous to 
tuberculin, is of similar specificity. 

The Dermatophytes^^ 

By far the most common type of fungous disease of man is dermato- 
phytosis (dermatomycosis), a superficial infection of the keratinized epi- 
dermis and keratinized epidermal appendages, the hair, hair sheaths and 
nails, the severity of which is dependent for the most part upon the loca- 
tion of the lesion and the species of fungus involved. Though certain other 
fungi, notably Monilia, produce clinically similar disease, a more or less 
homogeneous group of fungi, the dermatophytes, is responsible for the 
great majority of cases. The ability of these microorganisms to invade 
and parasitize the cornified tissues is closely associated with, and depen- 
dent upon, their common physiological characteristic, the utilization of 
the highly insoluble sclero-protein keratin.'^* The utilization of keratin is 
biologically rare and is shared by the dermatophytes only with a few 
species of saprophytic fungi and certain insects including the clothes 
moth {Tinea), the carpet beetles (Dermestes) and the biting lice {Mallo- 
phaga). 

Though the various species of dermatophytes produce infections that 
are clinically characteristic, on the one hand single species may produce 
different types of disease, and on the other, infections that are very simi- 
lar or essentially identical may be produced by different species, Further- 

Benbam and Kesten: Jour. Inf. Dis., 1932, 50:437. 

’'2 These organisms have been reviewed by Tate: Biol. Rev., 1929, 4:41, and by 
Gregory: Biol. Rev., 1935, i0:203. Later papers are discussed by Emmons; Rot. Rev., 
1940, 6:474. 

For studies on the metabolism of these fungi cf. Goddard: Jour. Inf. Dis., 1934, 
54:149. 
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THE COMMON DERMATOPHYTES 


Species 

Disease in man 

Geographic Distribution 



S 

■g 

> 

1 

GQ 

1 Microsporum audouini 

Prepuberal ringworm of the 
scalp; suppuration rare 

Commonest in Europe, pro- 
ducing about 90% of imec- 
tions; €ibout half infections 
in U. S 



Mierosporum lanosum 

Prepuberal ringworm of scalp 
and glabrous skin; suppu- 
ration not infrequent; keri- 
on occasional 

Uncommon in Europe; re- 
sponsible for about half the 
infections in U. S. 



1 

Microsporum gypseum 

Prepuberal ringworm of the 
scalp and glabrous skin; 
suppuration and kerion 
common 

Relatively rare in U. S.; com- 
mon in South America 

S 



Trichophyton acuminatum 

Ringworm of the scalp and 
smooth skin; onychomyco- 
sis; commonest in children 
but persists into adult life 

Common in Europe; relative- 
ly rare in U- S. 

«2 

.fa 


1 

Trichophyton craleriforme 

Ringworm of the scalp and 
smooth skin; onychomyco- 
sis 

Common in Europe; uncom- 
mon in U. S. 

es 

•s 

A 

'n 


1 

i 

Trichophyton violaceum 

Ringworm of the scalp and 
smooth skin; sycosis; on- 
ychomycosis; suppuration 
common, the hair follicles 
are atrophied 

Common in Russia, Poland, 
Italy, Near East, but un- 
common in U. S, 

C 

•E 

<d 

ei 

1 

U) 


Aehorion schoenleini 

Favus, in both scalp and 
smooth skin; onychomyco- 
sis; suppuration is the rule 
and kerion frequent 

Common in Europe and the 
Far East; rare in U. S. 


Neo-endo- 
thrix type 

Trichophyton cerebriforme 

Usually ringworm of the 
glabrous skin and beard; 
ringworm of the scalp less 
frequent, onychomycosis 

Common in Europe; uncom- 
mon in U. S. 



1 

X 

a 

Trichophyton menlagrophytes 

Conamonest cause of inter- 
triginous dermatophytosis 
of the foot (“athlete’s 
foot”) ; ringworm of the 
smooth skin, suppurative 
folliculitis in scalp and 
beard 

Ubiquitous 



S 

u 

W 

Trichophyton rosaceam 

Sycosis is the most common 
lesion; infection of smooth 
skin and nails 

Common in Europe; sporadic 
distribution in U. S, 


A 

cO 


Epidermophyton Jloccosum 

Cause of classic eczema mar- 
ginatum of crural region; 
causes minority of cases of 
intertriginous dermatophy- 
tosis of foot; not known to 
infect hair and hair follicles 

Ubiquitous, but more com- 
mon in tropics 


the hair 
ollicles 

Epidermophyton purpureum 

Psoriasis-like lesions of 
smooth skin; onychomyco- 
sis, mild suppurative fol- 
liculitis in beard 

Common in Far East, tropics 
and southern U. S. 


‘■5 

.2 

1 

Bndodermophyton concentricum 

Commonest cause of tinea 
imbricata; infection of hair 
and nails uncertain 

Common in South Pacific 
islands. Far East, India, 
Ceylon; reported in South 
America; does not occur in 
U- S. 




Malassez ia f urfur 

Cause of pityriasis versicolor 

Ubiquitous 


more, other conditions such as chemical dermatitis, neuro-dermatitis 
and certain types of allergy may closely simulate dermatophytosis, but do 
not, of course, respond to treatment with fungicides. Demonstration of 
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the causative fungus by direct microscopic examination of pathological 
material or by isolation and culture is, therefore, highly desirable, espe- 
cially in all cases presented for treatment. 

The dermatophytes are mold-like fungi grouped with the Fungi Imper- 
fecti; ascospore formation has been reported by some workers but has not 
been unequivocally established. These organisms differ from most other 
pathogenic fungi in that the cells are multinucleate, usually containing 4 
to 6 nuclei, and division is amitotic. Arthrospores, chlamydospores and the 
individual cells of fuseaux are also multi-nucleate, but aleuriospores con- 
tain but a single nucleus.^^ The group is a homogeneous one, immunologi- 
cally as well as morphologically and physiologically, and the fungi com- 
prising it are more closely related to one another than to other fungi. The 



Fig. 159. — Chlamydospores, Microsporam audouini. Mounted in Annam’s lactophenoJ 

cotton blue solution; X 420. 


affinities of the group to the other fungi are not clear, however, and the 
dermatophytes have never been satisfactorily oriented in a general system 
of fungus classification; they constitute a group somewhat apart and are 
usually neglected by botanists. 

Differ entiatioix of Genera and Species. — The differentiation of 
species within the group is somewhat uncertain in a general sense. The 
classification of Sabouraud, presented in 1910^® and somewhat modified 
by him later, is by far the most generally used. It is based on both the 
clinical character of the infection and on colonial morphology, including 
pigmentation, the morphology of the reproductive and vegetative struc- 
tures being a secondary matter. The species so differentiated are sound 
natural groups in spite of objections raised by some systematists and the 
classification and differentiation is practical and workable. 

It is to be noted, however, that colonial morphology is readily altered 

Cf. Grigoraki: Ann. Sci. Nat. Bot., 1925, Ser. 10, 7:165. 

75 Sabouraud: Les Teignes. Masson et Cie. Paris. 1910. 

76 Sabouraud: Ann. Derm. Syph., 1929, Ser. 6®, i0:236. 
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Differentiation of Genera and Species 

by continued culture on artificial media. In consequence many stock cul- 
tures of dermatophytes are atypical to a greater or lesser extent. Such 
variation is especially prone to occur on maltose ‘"proof” agar and Sab- 
ouraud recommends a milieu de conservation, the same medium but lack- 
ing sugar, which does not bring out the differential characters of all species; 
growth on it is much slower, but it has the virtue of indefinitely postpon- 
ing pleomorphic changes. Differential characteristics reappear, of course, 
on transfer to the maltose milieu d^epreuve, 

Sabouraud described 45 species of dermatophytes in 1910 and new 
species have been described more or less continuously since. According 
to Gregory at least 184 species have been reported as pathogenic for man' 
by 1935, and Emmons states that there are at least 200 species named in 



Fig. 160. — Blunt end fuseaux, Epiderrrwphyfon floccosum. Note the attachment to the 
mycehum. Mounted in Annam’s lactophenol cotton blue solution; X 420. 


the literature. In many instances the differences on which these have been 
based are minor and it is probable that an appreciable proportion of these 
new species are no more than varieties and have little practical significance. 
Here we shall consider only the more important which account for the vast 
majority of the dermatophytoses. 

Differential Characteristics . — It will be apparent that the primary dif- 
ferentiation of these organisms is made on a clinical basis, i.e., division 
into the group of fungi which invade the hair and hair follicles, and the 
group of those which do not. While parasitic on the skin and its append- 
ages, the thallus is differentiated only into hyphae and arthrospores; the 
latter, arising by fragmentation of the mycelium, are to be regarded as 
oidia as indicated earlier though usually termed “spores” by dermatolo- 
gists. The variety of differentiated structures, including aleuriospores, 
spindle-spores or fuseaux, and vegetative structures such as spirals, pecti- 
nate bodies, nodular organs and raquet mycelium, appear on cultivation 
on artificial media. 

In the first group there are, for present purposes, two genera which dif- 
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fer with respect to size and arrangement of the spores formed in the tissues. 
The genus Microsporum includes the small spore type (3-4 p in diameter), 
and the genus Trichophyton, the large-spore type (7-8 m in diameter). 
This distinction is not absolute, however, for the very common species, 
Trichophyton mentagrophytes, forms small spores. Furthermore, the spores 
differ in arrangement. While the mycelium of Microsporum grows within 
the hairs, spores are formed only outside of the hair and occur in irregular 
clusters in a kind of mosaic arrangement- The spores of Trichophyton, on 
the other hand, occur in chains inside or outside the hair. 

Further differentiation of Trichophyton is made on the basis of location 
of the growth with respect to the hair. The endothrix type (sometimes 
called Endotrichophyton) grows within the hair, and mycelium and chains 
of spores are found there. The neo-endothrix type grows for the most part 
within the hair but in some hairs growth occurs on the surface. Finally, 



Fig. 161. — Pointed fuseaux, Microsporum gypseum. Mounted in Annam’s lactophenol 

cotton blue solution; X 420. 


the ectothrix type (sometimes called Ectotrichophyton) grows only on the 
surface and the hyphae and chains of spores are found there. The genus 
Achorion is distinguished from Trichophyton by the production of yellow 
crusts or scutula (see below) on the scalp. It is an endothrix type and many 
workers believe that it should he included in the genus Trichophyton, 

It will be clear that differentiation of these genera can be closely ap- 
proached by, first, the clinical character of the disease and, second, by 
direct microscopic examination of epilated infected hairs; but identifica- 
tion is possible only by culture. In Trichophyton infections show 

a characteristic tendency to produce an inflammatory reaction with deep 
infiltration of the skin tlaat is rarely produced by Microsporum infections; 
this difference is of some value in distinguishing between Microsporum 
infections and infections with small-spore ectothrix Trichophyton, The 
animal strains of Microsporum such as M. lanosum, however, also elicit 
inflammatory reactions. 
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Three genera of dermatophytes which do not invade the hair are con- 
sidered here. Species of Epidermophyton invade the superficial layers of 
the skin and the fungi are found in scales of. the epidermis taken from the 
periphery of the lesion as articulated filaments of mycelium breaking up 
into chains of round to oval arthrospores. Endodermophyion characteris- 
tically grows within the epithelium between the superficial and deeper 
layers but does not invade the corium; these forms are very difficult to 
cultivate. Malassezia is somewhat apart from the other dermatophytes 
and is not well known (see below) though the clinical disease is character- 
istic. 

Path-ogenicity. — At present the dermatophytes are known only as 
parasites and are usually assumed to be obligate parasites either of man 
alone or of man and animals. The majority grow readily on laboratory 
media and also grow on such substrates as cereal grains, shed hair, horn 



Fig. 162. — Spiral hyphae. Trichophyton mentagrophytes var. granulosum. The same 
spiral appears in different planes of focus. The small dark bodies are microconidia. 
Mounted in Annam’s lactophenol cotton blue solution; X 950. 


debris, sterilized fragments of straw in moist tubes, etc. and will remain 
viable in litter containing such materials for two to three years. If pro- 
tected from dryness they may live on the wooden floors of shower rooms, 
dressing cabins, mats, etc. for a considerable period of time. It has, there- 
fore, been urged by some that the dermatophytes may five a saprophytic 
existence in nature, unrecognized because of the regular formation of a 
variety of differentiated structures. In any case, a saprophytic stage in 
the transmission from one animal to another seems possible — Davidson 
and Gregory’'^ have suggested the shedding of infected hairs and scales — 
and is suggested by the findings of Muende and Webb’’^ who cultured two 
species of Trichophyton from dung in a shed occupied by infected calves. 

The dermatophytoses show, in many instances, a pronounced age and 

Davidson and Gregory: Nature: 1933, f5f:836; Canadian Jour. Res., 1934, f 0:373. 

Muende and Webb: Arch. Derm. Syph., 1937, 56:987. 
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sex distribution and there is some difference in the geographical distribu- 
tion of the various species. Common ringworm or “gray patch” of the 
scalp is confined to the young, occurring more often in boys than in girls, 
and is rare after puberty. Others, such as Epidermophylon species, occur 
for the most part in adult males. The distribution of intertriginous derma- 
tophytosis of the feet, commonly known as “athlete’s foot,” in the young 
adult male is probably in large part an expression of risk. Microsporum 
lanosum is more common in this country than in Europe and the reverse 
is true of Achorion schoenleini, while Endodermophyton concentricum is well 
known in the tropics and certain parts of the Far East but rare in temper- 
ate climates. 



Fig. 163 . — Hyphae sporiferae (thyrsi sporiferae, thyrsi) in culture of Trichophyton pur- 
pureum. The attachment of aleuriospores, directly or by very short stalks, to the hyphae 
is evident. Unstained preparation; X 450 (Rothman). 

Some dermatophyte species appear to be so closely adapted to man 
that they are unable to infect lower animals while others not only produce 
infections in experimental animals, but animals, such as the cat and dog 
are natural hosts and human infection may be acquired from thehi. There 
is also a high degree of specificity as to the tissues attacked. While, as 
indicated earlier, these fungi are well adapted to parasitize the horny 
layer of the epidermis, they appear to be unable to invade and infect 
other organs of the body. The intravenous injection of Achorion or Micro- 
sporum spores or emulsions of virulent Trichophyton mentagrophytes does 
not produce an infection of the internal organs of susceptible animals; 
rather, the microorganisms introduced tend to become localized in the 
skin and to develop where it is damaged as by scarification. 

Growth of the fungus in the skin and hair is more or less equal in all 
directions and the lesions produced tend to have a circular form. For this 
reason the Greeks named the disease herpes, a term which still persists 
though modified as herpes tonsurans, herpes circinatus, or herpes desqaa- 
mans to distinguish the dermatophytoses from herpetic infection of virus 
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etiology, herpes simplex in its various manifestations, and herpes zoster 
of as yet unknown etiology (cf. p. 855). The Romans associated the lesions 
with lice and named the condition tinea, meaning any small insect larva. 
This name is likewise in common use. The English ringworm is, of course, 
a combination of the Greek and Roman terms. 

With any species of dermatophyte, infection begins in the horny layer 
of the epidermis. Those which infect the hair follicles, hair and nails soon 
invade these structures, often producing little more than a scaling of the 
epidermis. Those which remain in the epidermis affect the drier parts of 
the skin including the palmar and plantar surfaces, or the moister regions 
in the inguinocrural fold and the interdigital spaces. Thus a wide variety 



Fig. 164. — Spiral hyphae in culture of Trichophyton mentagrophytes var. gypseum. Un- 
stained preparation; X 450 (Rothman). 


of clinical types may be observed, but the differences are more apparent 
than real for the pathologic changes are fundamentally the same in all 
types. 

Infection of the Dry Glabrous Skin . — ^The formation of characteristic concentric rings 
of inflammatory reaction is more evident in infections of the smooth skin than in hirsute 
areas. Two types of lesion are produced, the one dry and scaly, and the other vesicular. 
The first begins as a small elevated area of inflammation which spreads, the margin 
remaining red and sometimes slightly swollen while the central area becomes covered 
with small scales; spontaneous healing occurs in the center as the circinate margin 
advances- 

In the second type vesicles appear irregularly or immediately back of the advancing 
hyperemic and elevated margin; a crust is formed, followed by spontaneous healing in 
the center to leave a more or less pigmented area. The lesion may become pustular with 
invasion of the hair follicles. In either case the fxmgi are most numerous at the margin of 
the advancing lesion, and scales or vesicles from this region are best suited for study and 
isolation of the microorganism. 

Infection of the palmar and plantar surfaces (the latter is the more common) is ordi- 
narily secondary to infection of the interdigital spaces. Vesicles are formed with the 
thick horny layer of the sole separated from the epidermis beneath; the vesicles may be 
filled with flmd but soon dry. When the top peels off it leaves a pink area surrounded 
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by a border of loosened and peeling skin. The formation of secondary vesicles and con- 
tinuous repetition of the process produces widening areas of pink or reddish skin, the 
dysidrotic form of the disease. The formation of fissures, common in the interdigital 
areas, may also occur on the sole of the foot. A. dry, hyperkeratotic type of lesion without 
vesiculation is produced in the chronic infections. 

Infection of the Epidermis of the Principal Folds. — In these regions there are also two 
main types of dermatophytosis, the one, eczema marginatum, chiefly confined to the crural 
fold, and the dysidrosiform intertriginous mycoses of the hands and feet. In the former 
a small round swollen area of inflammation appears which spreads, producing at first a 
circinate lesion which later becomes irregular owing to differences in rate of spread. The 
actively developing margin is an inflamed area in which there are numerous small 
vesicles filled with a serous exudate. In most instances the infection begins on the thigh 
where it is in contact with the scrotum, and spreads rapidly, usually involving the inner 
thigh and sometimes the gluteal and pubic regions. Pruritus is a common symptom. 

In the interdigital areas, usually of the toes (moniliasis is the more common in the 
drier areas between the fingers) the epidermis is macerated or it shows circinate scaling. 
Small eroded patches are common. Vesicles are rarely seen because they rupture early, 



Fig. 165. — Chlamydospore (upper left) and raquet mycelium (lower right) in culture of 
Micro^pomm andoufni. Unstained preparation, oblique lighting; X 950 (Rothman). 


leaving circular or polycyclic epithelial fringes. Deep within the fold the epidermis is 
membranous and swollen, fissures form and the macerated epithelium is shed as moist, 
white scales. 

Infection of the Hair and Hair Follicles. — Invasion of the hair follicles and hair pro- 
duces two general types of lesions. The most distinct and first to be differentiated clinic- 
ally is that oifavxxs, produced by Achorion schoenleini and distinguished by the formation 
of thefavic scutulum. Beginidng with a small spot or scaly inflammation, crusts appear as 
yellow points about the hair follicles. The hyphae and spores form a ring about the 
follicular orifice and a leucocytic infiltration produces an intraepidermic pustule. A 
^Uow disk appears at the base of the pustule which enlarges with the lesion to produce 
the cup-shaped yellow crust known as the scutulum, which in time often becomes as 
large or larger than a pea. On the upper or concave surface the epidermis is intact and 
me hair is brittle, lusterless and gray, but not necessarily broken, while the epidermis 
below IS infiltrated and sclerosed. ExfoUation of the horny layer occurs, some of the 
upper layer of the scutulum being removed. The scutulum itself consists of a mass of 
fu^us mycelium in an enlarged hair foUidle; the center surrounding the hair is a tangle 
of brc^en hyphae and spores inside an area of regular hyphae in the epidermis, and at the 
periphery the hyphae are perpendicular to the surface. Infection of the hair begins at 
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the root and some time, usually three to four months, is required for the fungus to grow 
up through the hair to produce the dull, powdery gray, dry appearance characteristic of 
favus. The hair remains, though seldom more than a few centimeters in length, for several 
years before being shed through scar formation in the follicle, but in time it loosens, falls 
out, and may not return, resulting in patches of permanent alopecia. Section of infected 
hairs shows air spaces, presumably left by dead hyphae; relatively few hyphae remain 
and the hair structure is clearly visible. 

The second type of infection includes ringworm of the scalp or tinea tonsurans, which 
is much the more common in this coimtry, and infection of the beard. It may be sub- 
divided into Microsporum infection, endothrix Trichophyton infection, and suppurative 
infections usually with ectothrix Trichophyton. 

^ In Microsporum ringworm the fungus invades the hair follicle to form a mass of myce- 
lium between the hair and the epithelium. Some hyphae penetrate the hair and grow 
downward, while others grow on its surface to form the characteristic layer of spores. 
The lesion begins as a small erythematous area. Within a few days it pales and becomes 
scaly and the heiir assumes the characteristic grayish, discolored appearance, becomes 
weakened and breaks off a few millimeters above the scalp. The lesion spreads in the 



Fig. 166. — ^Branched hyphae or favic chandelier of Achorion schoenleini. Unstained 
preparation; X 600 (Rothman). 

characteristic ring form and may coalesce with other infected areas produced by autoin- 
oculation to give an irregular area of infection in which all the hairs are affected. There 
is little inflammatory reaction. 

Trichophyton ringworm differs from the Microsporum infection in a number of respects. 
While infection of the hair folhcle and hair follows essentially the same course, the lesions 
are small with often only two or three affected hairs and all the hairs within a given 
lesion are not affected, and the lesions are multiple, numerous and scattered over the 
scalp. The infected hairs break off sharply at the follicular orifice in Trichophyton acum- 
inatum infections, and somewhat above to leave stumps in Trichophyton crateriforme 
infections. There is somewhat more inflammatory reaction than in microsporiasis, and 
often spread of the infection to the glabrous skin. 

Infections wdth ectothrix Trichophyton are distinguished clinically by a more marked 
inflammatory reaction and often suppurative folliculitis. There is an infiltration of serum 
and leucocytes into the skin of the affected area and an infiltration of the deeper tissues. 
In areas of contiguous suppurative folliculitis an indolent cutaneous-subcutaneous infil- 
tration called kerion is formed which is boggy on palpation, pus oozing from the follicles 
on pressmre. Suppurative lesions of the beard are termed sycosis. Suppurative infection 
and kerion may, of comrse, occur with other species, including endothrix Trichophyton 
and Microsporum of animal origin. 
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It was observed by Margaret and Deveze'^^ in 1925 that infected hairs and fungus 
cultures show fluorescence in ultraviolet light.®® This empirical observation has proved 
to be of very considerable practical value, especially in Microsporum ringworm of the 
scalp. It is generally agreed that all hairs infected with Microsporum show a brilliant 
greenish fluorescence and those infected with Achorion schoenleini a greenish but less 
brilliant fluorescence, both distinct from the bluish tint of normal skin. There appears 
to be some disagreement with respect to Trichophyton infection; it is reported by David- 
son and Gregory®^ that in infection with some species the hairs fluoresce but in others 
they do not, while Lewis and Hopper^ state that all endothrix Trichophyton species show 
a dull bluish fluorescence of the ipfected hair though hair infected with ectothrix Trichoph- 
yton does not fluoresce, Davidson and Gregory have found that the fluorescence is 
due to the presence of a substance in the hair which can be extracted either with warm 
water after a preliminary ether extraction, or with dilute alkali. 

Infection of the Nails. — Infection of the nails, tinea unguium or onychomycosis, may be 
either primary or secondary to an epidermal lesion. The infected nails are usually 
opaque, lusterless, yellowish and friable and varying degrees of dystrophy are found. 
The infection ordinarily begins under the free border or along the lateral margin of the 
nail, producing an opaqpie, yellowish-white irregular spot beneath the central area. This 
may develop into a thick spongy friable layer, readily detachable. As the nail plate 
separates from the bed yellowish or white longitudinal streaks usually appear, it becomes 
thin and brittle and breaks off; sometimes the entire nail plate is lost. When the surface 
of the nail is attacked early, it becomes fissured and soft and wears away. In general, 
there is no marked inflammatory reaction. The disease is of long duration, and may last 
ten years or more, and there is little if any tendency to spontaneous healing. The disease 
is usually due to Trichophyton but Microsporum and Epidermophyton infections have 
been observed- 

immunity. — Though an acquired immunity to infection has been dem- 
onstrated in experimental animals by a number of workers, the status of 
an effective immunity in man is uncertain. There have been some enthu- 
siastic reports of the efficacy of vaccine therapy which are, perhaps, open 
to question. Much of the work that centers about local immunity appears 
to be uncritical, viz.., in many cases remarkable results have been reported 
but have not been regarded by immunologists generally as contributing 
materially to a solution of the general problem of local immunity (p. 294). 
Hypersensitivity, however, is a common, though not invariable, mani- 
festation of the immune response to dermatophyte infection, and deseusi- 
tization procedures, appear to have definite therapeutic value hi certain 
cases. 

Hypersensitivity is manifested in two ways. One of these is the appear- 
ance of secondary, non-parasitic lesions on parts of the body remote from 
the infection. These are termed “ids,” in a general sense mycid or derma- 
tophytid, and more specifically microsporid, Irichophytid and epidermo- 
phytid. The mycid takes the form of a symmetrical eruption over relatively 
large areas, usually of the trunk, as a rash. The eruption may be vesicular 
with sterile content, papular, or lichenoid, and is sometimes localized at 
the follicular pores. A rather frequent occurrence is a sterile vesicular 
eruption on the hands secondary to infection of the feet. It is generally 

Margaret and Deveze: Ann. Derm. Syph., 1929, Ser. 6®, fd:581. 

Black light,” commonly known as Wood’s light because the radiation is filtered 
through Wood’s nickel oxide glass which holds back almost all the visible rays but passes 
the longer ultraviolet rays. 

Davidson and Gregory: Canadian Jour. Res., 1932, 7:378. 
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bel eved that spores or bits of mycelium from the infection lesion enter 
the blood stream and are eventually deposited in the skin where they in- 
duce the local allergic response with destruction of the fungus elements. 
This view is based in part on a number of successful isolations of these 
fungi from the blood stream during the development of mycids. It is not 
known what part, if any, soluble substances liberated by the dissolution 
of the fungi play in the phenomenon. 

ASSOCIATION OF DERMATOPHYTE SPECIES WITH CLINICAL 
CHARACTER OF THE INFECTION 

(1) Lesions of the smooth skin: 

(a) Lesions of the moist epidermis of the principal folds : 

(i) Eczema marginatum, usually confined to the crural region: 

EPIDERMOPHYTON 

(ii) Dysidrosiform intertriginous mycoses of the feet and sometimes hands: 

EPIDERMOPHYTON 
ectothrix TRICHOPHYTON 

(b) Gircinate lesions on the backs of the hands, arms, face, neck and trunk: 

(i) Intricate pattern of concentric rings — tinea imbricata: 

ENDODERMOPHYTON 

(ii) Reddish patches, not raised, with actively advancing margin and a 

tendency to central healing: 

usually MICROSPORUM 
sometimes endothrix TRICHOPHYTOTsf 

(iii) Reddish, elevated, scaly plaques, usually pustular at the margin: 

ectothrix TRICHOPHYTON 

(2) Lesions of the hair and hair follicle: 

(a) Scutula present, hairs tend to split longitudinally and not break off transversely: 

ACHORION 

(b) No scutula present, heiirs tend to break off transversely: 

(i) No suppuration, as follicular abscess, pustules, kerion: 

1. Hairs broken off at uniform height several millimeters above the 

skin, scaling, spores in irregular clusters on the outside of hairs: 

MICROSPORUM 

2. Hairs usually broken off flush with the follicular orifice, little scaling, 

mycelium and chains of spores within the hair: 

endothrix and neo-endothrix TRICHOPHYTON 

(ii) Suppuration, lesions of smooth skin often present, fungus both in and on 

the hair, spores largely external in chains: 

ectothrix TRICHOPHYTON 

(3) Lesions of the nails, no distinctive clinical features: 

ectothrix TRICHOPHYTON 
EPIDERMOPHYTON 
ACHORION 

Hypersensitivity may also be demonstrated by the injection or appli- 
cation of preparations of dermatophyte cultures analogous to tuberculin 
and called trichophytin. The local and constitutional reactions that may 
be produced with trichophytin are much the same as those to tuberculin. 
The test does not differentiate between Microspomm and Trichophyton 
or their species for all appear to contain a common or very closely related 
antigen. The utility and reliability of the trichophytin test in diagnosis 
is a subject of conflicting opinion. It is maintained by some, such as Wise 
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and Wolf 32 Lewis, MacKee and Hopper, that the test is a valuable 

adjunct to other methods of diagnosis when used with the proper pre- 
cautions; others, however, such as Swartz,^ regard the test as of question- 
able value because, on the one hand, infection does not always result in 
sensitization, and, on the other, a positive reaction may only indicate a 
past infection unrelated to the condition in question. 

Characteristics of Dermatophyte Species- — The characteristics of 
the more important species of dermatophytes may be considered briefly: 

IVIicrospomiri. audoxiini (Sabouraudiles audouini, Closteroixlcwriosporid OLudouini) : 
This fungus is the classic etiologic agent of common prepuberal ringworm of the scalp; 
it is relatively more common in Europe, where it causes perhaps 90 per cent of the in- 
fections, than in this country where it is found in about half the cases. An inflammatory 
reaction is produced only occasionally, suppuration is uncommon, and kerion very rare. 
The trichophytin reaction is usually slight or absent. 

Microscopic examination of the epilated hair stub shows hyphae within the hair and 
external irregular clusters of spores. The colony on maltose agar begins as a white fluffy 
mass which develops a central elevation and radial furrows and becomes grayish to buff 
in color as it matures. Aerial growth is scanty. About two weeks’ incubation suffices for 
full development of colonial character. In slide culture fuseaux are rare and conidia few, 
but arthrospores, pectinate bodies and raquet mycelium are abundant. Experimental 
animals are highly resistant to infection. 

Microspomm lanosuxn (Microsporum canis, Microsporum caninum, Sabouraudiles 
lanosus, Closterosporia lanosa): Microsporum Jelineum is regarded by some as a separate 
species and by others as only a variety of M. lanosum. The fungus is the cause of half or 
more of the cases of ringworm in children in this country, but is found in only a small 
minority of cases in Europe. It differs from M. audouini in that it is a natural parasite of 
lower animals — ^it was originally found in the dog — and children may contract the disease 
from infected kittens and puppies as well as from one another. Infections of the smooth 
skin are common and produce a circinate lesion with a vesicular border and a mild 
erythema. In the scalp there is a mild inflammatory reaction and the infection is not 
infrequently suppurative; kerion occurs in 2 to 3 per cent of the cases. The trichophytin 
reaction is usually strongly positive. 

In the epilated hair the fungus is indistinguishable from M. audouini. Colonial growth 
is somewhat more rapid and a yellowish pigment is produced, the mature colony being 
tan and the medium a yellowish color. Both radial and concentric striations or furrows 
are often present and there is an abundant and wooly aerial growth. Pleomorphism after 
four to five weeks’ incubation is the rule. In slide culture fuseaux are abundant in the 
center of the growth; other structures such as conidia, raquet mycelium and pectinate 
bodies are not striking. Kittens, puppies, rabbits and guinea pigs are readily infected 
experimentally . 

Microsporum gypseum {Microsporum fulvum, Closterosporia fulva, Achorion gyp- 
seum) : This organism is present in South America and is apparently imported into this 
country where it is found only occasionally. Like M. lanosum, it is an animal parasite 
and is one cause of dog favus. The disease in the scalp is similar to that produced by M. 
lanosum but with more marked inflammatory reactions as a rule, and suppuration and 
kerion are common. The smooth skin may be infected. The trichophytin reaction is 
strongly positive. 

In infected hairs the spores tend to a linear arrangement in the early stages of the 
disease, and later the picture is indistinguishable from that produced by M. audouini 
and M. lanosum. ColoniaJ morphology is highly characteristic; a central umbo, which 
may be white, appears early and the colony is a cinnamon to pinkish brown. Concentric 
furrows may be present. In slide culture fuseaux are numerous, and raquet mycelium and 
nodular organs may be found together with moderate numbers of conidia. The rabbit, 
cat and guinea pig may be infected. 

Wise and Wolf: Arch. Dermat. Syph., 1936, 

^ Lewis, MacKee and Hopper: Arch. Dermat. Syph., 1938, J<9:713. 
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Trichopliytoii acuminatum {Trichophyton sabouraudi, Aleuriospora acuminata): 
This fungus is one of the co mm on causes of trichophyton ringworm of the scalp in 
Europe. Like other trichophytoses, T. acuminatum infections, though more common in 
children, persist into adult life. Infection of the smooth skin occurs with the formation 
of a circinate lesion with vesicular border. Infection of the nail occurs. The trichophytin 
reaction is positive. 

The fimgus is of the endothrix type and chains of spores are found within infected 
hairs. The colony is acuminate, i.e., there is a flattened conical peak projecting from its 
center, with radiating furrows and peripheral folds. It is creamy white in color and the 
surface is fine and powdery. In slide culture there is an abundance of round to oval micro 
conidia, borne laterally or on the tips of hyphae, as thyrses and en grappe, Chlamy do- 
spores are present hut there is no characteristic predominance of vegetative structures. 
A mild localized infection may be produced in the guinea pig. 

Trichophytou crateriforme {Trichophyton tonsurans, Chlamy doaleuriospora crater i-^ 
formis): This is the other common ringworm trichophyton found in Europe (according 
to Sabouraud T. acuminatum and T. crateriforme cause 72 per cent of Trichophyton infec- 
tions) but is not often encountered in this country. A mild inflammatory reaction occurs 
in the scalp, and lesions of the glabrous skin are crusted rather than scaling. The nails 
may be infected. The trichophytin reaction is negative or weakly positive. 

The spores present in chains within infected hairs tend to be more cylindrical than 
round and have the appearance of a ladder rather than a string of beads. Growth is 
relatively slow, the colony is creamy in color and velvet-like in appearance, and is crateri- 
form, i.e., sunken in the center with a raised ring at the periphery. Morphology in slide 
culture is very similar to that of T. acuminatum. A very mild, spontaneously healing 
lesion may be produced by guinea pig inoculation. 

Trichophyton violaceum {F avoir ichophy ton violaceum, Bodinia violacea, Arthrosporia 
violacea) : This fungus is widely distributed over the world and is especially prevalent in 
Russia, Poland, Italy and the Near East. In this country it is usually, though not sdways, 
found in immigrants. The lesions on the scalp are much the same as those produced by 
other species of Trichophyton; the formation of small pustules and follicular crusts is 
common. Similar lesions are produced in the beard and the infection often spreads to 
the nails. The trichophytin reaction is negative or faintly positive. 

In the infected hair the morphology of T. violaceum is that of typical endothrix Tri- 
chophyton. Colonies grow slowly and remain relatively small. The colony is of the acumi- 
nate type and in recently isolated cultures is a deep violet in color, but pigmentation is 
readily lost on continued cultivation. Conidia are not formed in culture and the surface 
remains smooth and without a powdery coat. No characteristic structures are formd in 
slide cultures- Guinea pigs, dogs and cats have been infected by experimental inoculation. 

Achorion schioenleini {Trichophyton schoenleini, Arthrosporia schoenleini, Gruhyella 
schoenleini) : Favus is prevalent in Eastern Europe and the Far East but relatively un- 
common in this country. It is characterized by the formation of the favic scutula de- 
scribed earlier. The formation of scutula is the rule on the scalp and they may be found 
in infection of the skin, or the skin lesions may be vesicular or scaly. Infection of the 
nails with A. schoenleini produces severe dystrophy of the nail plates. Most human cases 
are infections with this species but related forms produce disease in animals, such as 
Achorion quinckeanum of mouse favus, and are occasionally transmitted to man. 

Infected hairs show large spores in chains and coarse filaments within the shaft and, 
characteristic of this infection, air bubbles left by degeneration of the fungus elements 
within the hair. The distribution of the fungus in the scutulum has been described earlier. 
Growth in culture is slow and usually three weeks are required for development of the 
colonies. They are yellowish and waxy in appearance at first, and later usually become 
wrinkled and whitish with aerial mycelium. The fungus is highly pleomorphic in slide 
culture, showing* various irregular bodies, swollen and distorted hyphae, etc., but the 
branched structure known as the favic chandelier is readily found and diagnostic for 
it is not formed by other species of dermatophytes. The fungus is pathogenic for naice, 
and nodular lesions of the lungs or peritoneum may be produced in the rabbit by intra- 
venous or intraperitoneal inoculation respectively. 
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Xrichophy ton cerebriforme (Trichophyton Jlavum, Neotrichophyton flavurn') : Xhis 
fungus infects the beard and smooth skin and, more rarely, the scalp. It is common in 
England, France, Germany and Italy, less so elsewhere. Xhe lesions are indistinguish- 
able from those produced by T. crateriforme. 

Xhe location of the fungus elements in the infected hair is, for diagnostic purposes, of 
the endothrix type and very similar to that of T. crateriforme. Xhe young colony is white 
and crateriform but as it matures the central depression tends to fill out, the folds become 
prominent and it becomes yellowish in the center. Xhe morphology in slide culture is very 
similar to that of T. acuminatum and T. crateriforme. Experimental infection may be 
produced in guinea pigs and the fungus has been reported to occur naturally in cats. 

Xrichophyton men tagropbytes (Trichophyton gypseum. Trichophyton aster oides. 
Trichophyton pedis. Trichophyton inter dig Hale, Trichophyton niveum, Ectotrichophyion 
mentagrophytes, Sahouraudites asteroides, Aleuriospora rosacea, Cienomyces mentagrophytes, 
Spiralia mentagrophytes) : This fungus is by far the commonest cause of dermatophytosis 
of the foot (athlete’s foot), and also produces tinea circinata and follicular infection of 
the scalp with kerion as well as onychomycosis. Xhe number of synonyms is due in part 
to the pleomorphism of the fungus; the first five given above have been commonly used 
in the past to denote different but closely related species. It is becoming increasingly 
apparent, however, that these forms lie in continuous series between the granular T. 
gypseum varieties and the floccose type of growth characteristic of T. inter digilale. Here 
we shall follow the suggestion of Emmons^^ and include them all in the single species 
T. mentagrophytes. It may be noted also that Trichophyton granulosum and Trichophyton 
felineum are so closely related to T. mentagrophytes that they can hardly be regarded as 
more than varieties of that species. Xrichophytids associated with intertriginous infection 
are usually due to this fungus. Xhe trichophytin reaction is positive. 

Infection of the hair is of the ectothrix type and, as noted earlier, the fungus is a small- 
spore type. The hair is usually not broken and the external spores are relatively few in 
number and in linear arrangement in contrast to Microsporum. In scales and macerated 
tissue hyphae and spores are found but are not characteristic. There are four general 
types of growth with respect to colonial morphology. (1) The type most often found 
produces a white fluffy colony that becomes flat, velvety and yellowish-buff in color as 
it matures. Slide cultures are characterized by the presence of spirals. Nodular organs, 
raquet mycelium, pectinate bodies, chlamydospores and fuseaux may be found together 
with Gonidia in thyrsi and en grappe. (2) The white flufly type with aerial mycelium is 
often called T. inter digitate. Fuseaux and spirals are usually absent in slide cultures; the 
aerial mycelium is largely vegetative with conidia in small clusters, and nodular organs 
and raquet mycelium may be found. (3) The granular, powdery, light tan to yellow colony 
is the T. gypseum type of growth. Xhe surface is velvety and tends to become fluffy 
with age. Slide culture shows few spirals but numerous fuseaux and conidia en grappe 
and as thyrsi. (4) Xhe white colony of the T. niveum type begins as fluffy but becomes 
compact and shows surface irregularities with maturity. The morphology of the fungus 
in slide culture closely resembles that of the T. interdigitale type. Dogs, cats, rabbits and 
giiinea pigs may be infected; the granular types of the fungus are the more virulent. 

Trichophyton rosaceum (Trichophyton roseum, Ectotrichophyion megnini. Megatri- 
chophyton megnini, Megairichophyton roseum, Aleuriospora rosacea): This fungus infects 
the epidermis, nails and hair follicles, usually without marked inflammation, and lesions are 
most common in the beard. It is common in the north of England and endemic in most of 
Europe; it has been found with some frequency in Philadelphia. The infection is spread 
through barber shops. 

Infection of the hair is of the ectothrix type, the spores are arranged in chains and, in 
contrast to T . mentagrophytes, are large. The lesion on the skin is usually dry and scaly, 
and the fungus elements may be found in scrapings. The colony is velvety, pure white 
when young and gradually turning a pale rose with maturity while the under side becomes 
violet. Chlamydospores and conidia, en grappe and as thyrsi, are found in slide culture, 
but the morphology is not characteristic. Infection may be produced in the guinea pig. 

Epidermopbyton floccosum (Epidermophyton inguinale, Epidermophy ton cruris, Tri- 
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chophyton inguinale. Trichophyton cruris, Closterosporia inguinalis, Fusoma cruris): This 
fungus IS the cause of classic eczema marginatum (dhobie itch) and is ubiquitous in dis- 
tribution though generally regarded as considerably more prevalent in the tropics- It 
may be disseminated in semi-epidemic form. It is also the cause of a minority of the 
intertriginous dermatophytoses of the feet. This fungus has never been observed to infect 
the hair follicles. The trichophytin reaction is practically always negative. 

In scales taken from the advancing margin of the lesion hyphae and chains of spores 
may be found, in large amount when the scaling is profuse. Growth is relatively slow. 
The colony is characteristically an olive drab color, aerial mycelium is usually scant, and 
the surface is velvety and irregularly folded with radial furrows. Pleomorphic growth, 
manifested as the appearance of white tufts, appears relatively early. Blunt end fuseaux 
are present in groups in slide cultures of the fluffier strains and there are many chlamydo- 
spores, but structures other than raquet mycelium are seldom found. The fungus is only 
slightly pathogenic for the guinea pig. 

Epidermophyton purpureuun {Trichophyton purpureum): This fungus is closely 
related to Bp idermophy ton {Trichophyton) rubrum and is one of the common causes of 
intertriginous infection of the foot. It invades the skin to produce a typical psoriasis-like 
lesion, mddly inflammatory with the affected area dull red and scaly and the skin thick- 
ened. It is not infrequently found in onychomycosis, and a mild suppurative folliculitis 
may be produced in the beard. The fungus is found in the Far East and is common in the 
tropics and the southern part of this country. The trichophytin reaction is negative or 
faintly positive. 

Fungus elements are rare in infected material. The colony is at first raised, fluffy and 
white. Radial grooves are formed and the typical rose-purple color at the back of the 
colony develops early and gradually diffuses into the colony to give a white center on a 
tinted background. Strain variation in the formation of aerial mycelium results in con- 
siderable variation in color as viewed from above. The morphology in slide culture is not 
characteristic, consisting largely of vegetative hyphae with occasional raquet mycelium, 
conidia, fuseaux and chlamydospores. 

Endodermophyton concentricum {Trichophyton conceniricum) : This fungus is the 
commonest cause of tinea imhricata (iokelau, Malabar itch), a ringworm of the glabrous 
skin foxmd in the South Pacific Islands, the Far East, and in India and Ceylon. Recently 
it has been reported from South America but apparently does not occur in this country. 
The closely related species, Endodermophyton indicum and Endodermophyton tropicale, 
are frequently found in Malaysia and Ceylon respectively. The name E. tropicale is used 
by many as a synonym of E. concentricum. The fungus grows between the superficial and 
deeper layers of the skin with little or no inflammation to produce a dry scaling lesion. 
The picture of the disease is highly characteristic; a circinate lesion is produced and as 
the margin advances, the process begins again in the center and similarly advances 
peripherally- With repetition concentric rings of white scales are formed. The lesions 
may be widespread over the body, those from different foci intermingling to produce a 
complex pattern. There is some disagreement as to whether the nails can be invaded. 

Hyphae and spores may be foimd in the scales and the appearance is very similar to 
that of Ep idermophy ton scales. Primary cultures must be made in hquid media. Growth 
on maltose agar is scanty and the colony a light gray with a central knob. On glucose 
agar growth is profuse, the colony is wrinkled and grayish white, changing to amber or 
brown- The growth consists largely of sterile hyphae and is not characteristico 

Malassezda furfur {M icrospor on furfur , Monilia furfur) : This fungus is the causative 
agent of pityriacis {tinea) versicolor, a disease characterized by a benign macular eruption 
with scaling and a brownish discoloration of the affected skin. The inflammatory reaction 
is conspicuously mild. The fungus may be found in large numbers in the scaling epidermis 
as fragments of branched mycelium and clusters of spores- The latter are thought by 
some to be conidia arising from the mycelium. In spite of claims to the contrary, it is 
generally believed that the fungus has not been cultivated and it is, therefore, very poorly 
known. Both pityriasis versicolor and erythrasma are characterized by recurrences after 
they have been cleared up by treatment. The organisms seem to be ubiqtiitous, living on 
the skin surface of susceptible individuals. 
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Fig. 167. Colonies of some of the more common dermatophytes on Sabouraud’s agar. 

i, Microsporum audouini. 2, Microsporum lanosum, 3, Microsporum gypseum. 4, Achorion 
schoenleint 5, Epidermophyion {Trichophyton) purpureum. 6, Trichophyton violaceum. 
7, Trichophyton meniagrophytes var. granulosum. 8, Epidermophyion floccosurn. Note the 
characteristic colors and gross morphology. X I- 
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Diagnosis. — As indicated earlier, classification of the dermatophytes 
is based largely on the clinical character of the infection and on colonial 
morphology on maltose-peptone agar. The differentiated structures devel- 
oped in culture are, in some instances, of ancillary value. Fermentation 
reactions, emphasized by CasteUani, are generally regarded as of little or 
no differential value. Animal inoculation is of minor importance unless the 
lesion is atypical and it is desirable to establish pathogenicity. 

The probable cause of the disease can often he closely approximated 
on the basis of its clinical character; the usual associations are summarized 
in the accompanying table modified from Henrici.^ Demonstration of the 
fungus by direct microscopic examination, however, is essential to estab- 
lish the etiology and culture is often required for species identification. 

The specimen material must be chosen with some care and taken in 
abundance for both microscopic examination and culture. In ringworm of 



Fig. 168. — Skin scrapings from lesions of dermatophytosis. Left, hyphae and spores. 
Right, hyphae and epithehal scales. KOH preparation; X 450 (Rothman). 


the scalp epilated stumps of hairs may be taken, and in addition scutula 
should be taken in favus and the contents of abscesses when the infection 
is suppurative. In infections of the smooth skin, scrapings from the scaly 
types should be taken from the margins, rolling toward the normal skin, 
and the tops of vesicles may be clipped with small scissors in the vesicular 
types. Macerated epithelium may be taken from intertriginous infections 
and nail scrapings and subungual hyperkeratotic masses from onychomy- 
cosis; the fungus elements are often more difficult to demonstrate micro- 
scopically in such specimens. 

For direct microscopic examination the material is placed on a slide, a 
few drops of strong (20 to 40 per cent) sodium hydroxide solution added, 
covered with a cover glass, and the preparation heated slightly. Only 
mycelial elements and spores may be found in specimens. Permanent 
stained preparations may be made by mounting in Amann’s medium, a 
lactic acid-glycerol-phenol solution containing cotton blue. As indicated 
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earlier, sections may be stained by Gram’s method or with methyl green- 
pyronin. 

Sabouraud’s agar is the medium of choice for primary isolation as well 
as determination of colonial character. Inoculation should be relatively 
heavy and a number of plates prepared. Growth is relatively slow, usually 
ten days to three weeks are required, and the dermatophytes grow well 
at 30° G. Bacterial contamination may be a source of considerable diffi- 
culty, and it must be remembered that contamination with saprophytic 
fungi from air and dust readily occurs. The method of slide culture has 
been developed in large part by HenricP and this and other methods 
of study of the fungi are described fully by him. 

III. YEASTS AND YEAST-LIKE FUNGI 

Yeasts are often defined as unicellular, nucleated organisms which re- 
produce by budding. Such a definition is, however, generally recognized 



Fig. 169. — Saccharomyces cerevisiae. Smear from a pure culture. Methylene blue; X 1050. 

as inadequate, in part because some yeasts produce by fission, in part be- 
cause many, possibly all, produce mycelium under appropriate conditions, 
and in part because other fungi may exist in a unicellular, yeastdike form 
which reproduces by budding, viz., the oidia described in the previous sec- 
tion. On the basis of sexual spore formation, some yeasts are ascomycetes, 
others are probably basidiomycetes, and still others have not been shown 
to have a sexual stage and are grouped with the Fungi Imperfecti. Clearly, 
then, the term “y^^st” is of somewhat uncertain significance; as usually 
used it refers to those organisms which exist usually or predominantly in 
a yeast-like form.^^ 

The yeasts are usually divided into three large groups, the basidiospore- 
forming yeasts or Sporobolomycetaceae, the ascospore-forming yeasts Endo- 

The genetics, cytology and classification of the yeasts have been reviewed by 
Henrici: Bact. Rev., 1941, 5:97. 
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mycetaceae, and the asporogenous yeasts Torulopsidaceae, The industrial 
yeasts are, perhaps, the most familiar of these. Saccharomyces cerevisiae, 
a member of the second group, is the common brewing yeast and occurs 
as two types, top yeasts which produce a vigorous evolution of carbon 
dioxide and are found in the froth on the surface of the fermenting mix- 
ture, and the bottom yeasts which sink to the bottom. Bread yeasts are 
usually top strains of 5. cerevisiae. Another species of this genus. Sac-- 
charomyces ellipsoideus, is the common wine yeast, occurring naturally 
on grapes and in the soil of vineyards, and its varieties are named for the 
various types of wine which they produce. The mechanism of the alco- 
holic fermentation has been discussed elsewhere (p. 102). Still other 
yeasts are lactose-fermenters and are associated with the preparation of 
fermented milk beverages, such as kefir and koumiss, especially in south- 
eastern Europe. Perhaps the commonest yeasts encountered as contamina- 
tion in bacterial cultures and found growing on foods are the asporogenous 



Fig. 170- — Giant colony of Torula gluiiniSy a saprophytic species, on Sabouraud’s agar. 

X 2. 

torulae; the pink or coral pigmented forms often observed are Torula glu* 
Unis, 

In view of the ubiquitous distribution of yeasts, not only in air, dust 
and soil, but on the surface of the body and in the mouth, intestinal tract 
and vagina, it is not surprising that these forms have been found in a 
variety of pathologic processes. A great number of species have been des- 
cribed, most of them inadequately, in this connection. In many instances 
the yeast probably had no etiologic relation to the disease, and in others 
the same yeast has been repeatedly described as a new species to give rise 
to several synonymous names, and a very long list of “pathogenic” yeasts 
has accumulated. 

Critical examination and consideration has now made it clear that only 
a very few species of yeasts are actually pathogenic for man and animals. 
These fall into two groups, the one containing the causative organism of 
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European blastomycosis or torula meningitis, commonly known as Crypto- 
coccus hominis or Torula histolytica. As an example of the accumulation of 
“species” of pathogenic yeasts, Giordano^^ has listed sixty-eight syno- 
nyms for this organism. The second group is made up of the “medical 
Monilias,” members of the subfamily Mycotoruloideae of the family Torn- 
lopsidaceae, which produce superficial infections of the skin and mucous 
membranes. 

In addition to these a number of yeast-like fungi are considered in this 
section. These, together with the mold-like fungi discussed earlier, may be 
regarded as intermediate forms. The differentiation of these forms into 
“yeast-like molds” and “mold-like yeasts” implied by this separation is 
largely arbitrary. 


PATHOGENIC YEASTS AND YEAST-LIKE FUNGI 


Organism 

Disease 

Geographic Distribution 

Debaryomyces neoformans 

European blastomycosis, tor- 
ula meningitis 

Europe and U. S., probably 
ubiquitous 

Blastomyces dermatitidis 

American blastomycosis 

U. S., possibly Europe and 
elsewhere 

Candida albicans 

Moniliasis 

Ubiquitous 

Coccidioides immitis 

Coccidioidomycosis 

Exclusively southwestern U. S. 

Histoplasma capsulatum 

Histoplasmosis 

Probably ubiquitous, most 
cases reported from South 
America and U. S. 


Debaryomyces Neoformans (Cryptococcus Hominis, Torula Histolytica) 

In medical literature the term blastomycosis has been used very loosely 
to designate etiologically diverse infections in which budding cells are 
found in the tissues. The name itself is unfortunate in that yeasts are not 
“blastomycetes.” Confusion arises largely between European blastomy- 
cosis, which will be considered here, and American blastomycosis, taken 
up in the following section. 

Aside from moniliasis, two general types of yeast infection may be dis- 
tinguished, the one the deep-seated cutaneous or subcutaneous infections 
which tend to become generalized, and the other infections of the central 
nervous system arising, as a rule, by metastasis from foci in the lungs. The 
first of these is known as European blastomycosis and the second as torula 
meningitis. 

European Blastomycosis — What was probably the first case of yeast 
infection of proven etiology was a fatal generalized infection observed by 
Busse and by Buschke^® in 1893 which they called systemic blastomycosis.. 

Giordano: Mycopathologia, 1938-9, 1:214. 

Cf, Kolle, Kraus and Uklenkutli: Handhuch der pathogenen IWikroorgartisnieH' . 
Gustav Fischer. Jena. 1928. Vol. 5, p. 321. 
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From primary ulcers on the face and neck the infection spread to the cer- 
vical lymph nodes, and the causative organism was isolated first from a 
secondary tibial abscess, then from the primary ulcers, and shortly before 



Fig. 171. — Giant colonies of torulae isolated from torula meningitis. Strain on left 
isolated by Shapiro and Neal, on right by Hirsch. Four weeks old, wort agar, natural 
size. 

death from the blood stream. Other cases reported since are of this general 
type, characterized by deep-seated ulceration of the skin, sometimes gran- 
ulomatous, and there may be infection of the viscera,^^usua]ly secondary. 



Fig. 172. — Torula meningitis in man. Section of the brain showing the growth of 
Debaryomyces neoformans in the tissues. Note the yeast-like cells embedded in masses of 
hyaline material which fill and distort the macrophages. Hematoxylin and eosin; X 950 
(Humphreys). 

involving the spleen, liver, kidneys and mesenteric lymphatics. Tumor- 
like masses are sometimes found and secondary infection of the lungs oc- 
curs with some frequency. 
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The microorganisms are found in exudates and in mucoid masses of 
gelatinous material as round to oval cells, 5 to 6 ^ in diameter, surrounded 
by a mucilaginous sheath. The gelatinous material in which they may be 
embedded is evidently a product of the fungus. They are readily cultivated 
on most ordinary media as a smooth white or very light tan colony with- 
out distinguishing features. 

Torula Meningitis. — A number of cases of meningitis of yeast etiology 
have been reported, the great majority from this country. The disease is 
the subject of a monograph by Stoddard and Cutler^’' who, in 1916, re- 
ported two cases and reviewed ten others. In recent years the disease 
seems to be becoming more common, or at least is reported more fre- 
quently.^^ 

The clinical features of the disease set it off sharply from European 
blastomycosis for the infection is predominantly one of the central ner- 


•v 



Fig. 173. — ^Torula meningitis in man. Growth of Debaryomyces neoformans in the cere- 
brospinal fluid. Note the budding cells, the stained capsules which give a double-con- 
toured appearance, and the characteristic threads connecting the cells. Mucicarmine 
stain (staining the threads and capsules pink); X 950 (Humphreys). 

vous system and the skin is seldom involved. The symptoms are those of 
brain involvement, especially intracranial pressure. Brain tumor may be 
closely simulated in some cases and the disease develops slowly, usually 
without febrile reaction or other signs of infection. The pathological pic- 
ture is that of a chronic leptomeningitis with thickened meninges adherent 
to the cerebral cortex and showing diffuse or focal granulomatous lesions. 
The cerebral cortex is invaded in about half the cases; the lesions are some- 
times granulomatous but more often cystic and there is little if any in- 
flammatory reaction. The granulomatous lesions of both meninges and 
brain contain large accumulations of macrophages which phagocytose the 

Stoddard and Cutler: Torula Injection^ in Man. Monograph No. 6, Rockefeller 
Institute for Medical Research. 1916. 

Cf. Blair: Jour. Mental Sci., 1943, S9:42. 
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fungus, while the cystic lesions consist of enormous numbers of yeast cells 
embedded in a gelatinous matrix.®® The yeast is usually present in the 
spinal fluid in pure culture and may be observed in wet unstained prepara- 
tions of the centifuged sediment. 

The Causative Organism. — For some time the relationship of these 
clinically diverse infections was not realized, and the yeast of European 
blastomycosis was known as Cryptococcus hominis and that of torula men- 
ingitis as Torula histolytica. In 1934, however, Benham^® showed that strains 
of the two yeasts were substantially identical, the difference in pathogen- 
icity being one of degree only. Similar observations have been reported by 
others.®^ It seems established, therefore, that these diseases are caused 
by the same etiological agent and, furthermore, that only a single species 
of yeast is involved, observed strain differences having no more than vari- 
ant status. 

Until relatively recently this yeast was regarded as an asporogenous 
form properly grouped under the family Torulopsidaceae. Todd and Herr- 
mann,®^ however, have described the formation of ascospores and their 
observations have been confirmed and extended to a considerable number 
of strains by others.®^ Spore formation has some unusual features which 
need not concern us here, but since single spores are formed by hetero- 
gamous conjugation, the organism is referred to the genus Debaryomyces 
of the family Endomycetaceae. Todd and Hermann®^ suggested the name 
Debaryomyces hominis but Henrici®^ and others have pointed out that the 
valid name is Debaryomyces neoformans. 

Blastomyces DERMATixrois (American Blastomycosis) 

The fungus disease known as American blastomycosis was first observed 
in Baltimore in 1894 by Gilchrist®^ and is sometimes called Gilchrist's 
disease. The great majority of cases have been found in this country, hence 
the name American blastomycosis, and the disease has been observed more 
often in the state of Illinois than in other states and is occasionally called 
Chicago disease. According to Martin and Smith®® only two proved cases 
have originated outside the United States, one in Canada and one in Eng- 
land, though analysis of presumptive and inadequately described cases is 
difficult because of the usual failure to distinguish this disease from Euro- 
pean blastomycosis. 

The Causative Organism. — ^This fungus was isolated by Gilchrist and 

The clinical character of the disease and its pathology are discussed in some detail 
by Freeman: Jour. Psych. Neurol., 1931, 4J.*236. 

s^Benham: Arch. Dermat. Syphilol., 1934, 59.*385; Mycologia, 1935, 27:496; Jour. 
Inf. Dis., 1935, 57:255. 

^iLodder: Die Hefesammlung des “ Centrallbureau voor Schimmelcultures” II Teil. 
Die Anaskosporogenen Hefen. Erster HaJfte. Amsterdam. 1934. 

Todd and Herrmann: Jour. Bact., 1936, J2:89. 

83Redaelli, Ciferri and Giordano: Boll. Sez. ItaL, Soc. Intemat. Microbiol., 1937, 

/-//, 1 . 

C/. Gilchrist: Johns Hopkins Hosp. Repts., 1896, 1:269. 

96 Martin and Smith: Amer. Rev. Tuberc., 1939, 59:275. This paper is a complete 
review of the literature to 1939 and a detailed analysis of 347 cases of the disease. 
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Stokes®® from a second case of the disease and named Blastomyces derma- 
titidis. It is dimorphic, occurring only as a unicellular, budding, yeast-like 
form in the tissues, but as a mycelial form in culture. The unicellular form 
may be observed in sodium hydroxide preparations of pus or sputum. The 
cells are large, 8 to 10 ju in diameter, round or oval, and doubly contoured. 
The granular content of the cells distinguishes them from air bubbles or fat 
droplets and identification is practically certain if budding cells are found. 

Colonial Morphology . — This unicellular morphology also occurs in cul- 
tures on blood agar, microscopic examination showing budding cells with 
a few rudimentary hyphae. The colony developing at 37° C. is wrinkled 
and waxy and somewhat similar to those of the tubercle bacillus in appear- 
ance- In culture on Sabouraud’s agar the mycelial form appears. The 
colonial morphology is somewhat variable and Henrici^ distinguishes three 



Fig. 174. — ^Blastomycotic pneumonia in man; infection with Blastomyces dermatitidis. 
Note the enormous numbers of yeast cells in the lung tissue and the variation in size and 
budding forms characteristic of active proliferation. Hematoxylin and eosin; X 1050 
(Humphreys). 

types. The ‘‘mealy” type is most often observed in primary isolation cul- 
tures and is similar to the growth on blood agar; microscopically the fungus 
is transitional between the unicellular and mycelial forms with many of 
the cells tending to form articulated chains. After one or two transfers 
the growth may assume a prickly surface, the prickles consisting of closely 
packed mycebal filaments which tend to become loose and cottony with 
continued incubation. The third type, sometimes observed on primary 
isolation and commonly found on laboratory cultures which are frequently 
transferred, is characterized by a white cottony growth with abundant 
aerial mycelium; in these colonies the unicellular form has completely dis- 
appeared and the growth consists of septate hyphae. Conidia are borne 
on lateral conidiophores but reports by some workers of the formation 
of asci have not been generally confirmed. The mycelial form reverts to 

Gilchrist and Stokes: Bull. Johns Hopkins Hosp., 1896, 7.-129. 
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the unicellular type in experimental infections or when cultivated on 
blood agar. 

Classification. — The relationships of this fungus are somewhat uncertain 
though it is clearly not a “true yeast.’’ Taxonomic considerations have 
led to the proposal of a number of different names; these include Oidium 
dermatitidis, Gilchristia dermatitidis. Cryptococcus gilchristi, Mycoderma 
dermatitidis, Zymonema dermatitidis and others. Systematists object to all 
these for one reason or another and none has been generally accepted. In 
spite of the fact that, strictly speaking, the generic name Blastomyces is 
improper from the taxonomic point of view, it continues to be generally 
used and the fungus is known as Blastomyces dermatitidis. 

Pathogenicity. — Primary infection occurs most commonly in the skin 
and the lesions begin as a small firm papule about which secondary nod- 
ules develop which enlarge with coalescence. The process breaks down in 
the center and becomes suppurative with discharge of pus through small 
fistulae. The inflammatory reaction is granulomatous with connective tis- 
sue formation, proliferation of the epithelium, mononuclear infiltration 
and sometimes giant cell formation. The fungus is found in the pus of 
minute miliary abscesses which are a characteristic feature of the path- 
ology. As the disease progresses, therefore, a large elevated mass of tissue, 
with an irregular ulcerated surface, is formed and oozes pus from multiple 
small openings upon pressure. The resemblance to epithelioma or tuber- 
culous ulcer is sometimes striking. Lesions with pronounced epithelial 
proliferation simulate tuberculosis verrucosa. The process spreads slowly 
through the subcutaneous tissues and often becomes generalized by way 
of the bloodstream. 

Primary infection of the lungs is not uncommon and often closely re- 
sembles tuberculosis clinically with cough, pain in the chest, weakness, 
sometimes hemoptysis, and productive sputum late in the disease. The 
pathologic picture is variable in that there may be focal or diffuse con- 
sohdation, and the abscesses may be miliary or there may be larger nod- 
ules. Cavitation occurs but is limited to small areas. The microscopic pic- 
ture also resembles tuberculosis and sometimes it is difficult to differen- 
tiate unless the budding cells are found. 

With generalization from primary foci of infection, multiple small ab- 
scesses of hematogenous origin occur throughout the body. They are most 
common in the subcutaneous tissues and differ from the primary skin le- 
sions in that they develop without pain or marked erythema, are soft and 
evacuate considerable quantities of pus when opened. In contrast to the 
primary skin lesions, which most commonly occur on exposed parts of 
the body, the secondary subcutaneous abscesses are usually found in 
covered areas. Secondary abscesses also commonly develop in the viscera 
and muscles and under the periosteum. There is a septic febrile reaction 
and the generalized disease is probably almost always fatal. 

The source of infection is not clear. Very often the primary skin lesion 
develops from a wound infection and a large proportion of the cases have 

»7The Mstopathology of blastomycosis is discussed by Baker: Amer. Jour. Path., 
1942, i8-A19. 
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been in farmers. Males are much more frequently attacked and the inci- 
dence is higher in the twenty to fifty age group. It is possible that the 
fungus is a free-Kving form which, like Sporotrichum, occasionally infects 
man. One case of direct transmission, by autopsy infection, is known. 

Pathogenicity for Animals , — The inoculation of experimental animals is 
not uniformly successful and has no diagnostic utility. According to 
Spring®^ mice are more susceptible than gxiinea pigs, and rabbits are al- 
most completely resistant. Small caseous nodules develop on the perito- 
neal stirfaces of intraperitoneaUy inoculated animals, and the type of tis- 
sue reaction varies with the resistance of the animal and the virulence of 
the strain of fungus from frank abscess formation to tubercle-like lesions. 
Generalized blastomycosis has been demonstrated in a naturally infected 
dog and the fungus found to he identical with typical strains of human 
origin.^® 

Immunity. — There appears to be little or no effective immunity in 
man to spread of the infection since generahzation is common. Comple- 
ment-fixing antibodies are produced, however, and the titer is related to 
the severity of the infection. A hypersensitivity to the cell substance of 
the fungus occurs also and is manifested as a delayed tuberculin-like re- 
sponse to intradermal inoculation of suspensions of killed cells. The hyper- 
sensitivity is of practical importance in that it contraindicates the thera- 
peutic use of iodides; desensitization may be accomplished with vaccine. 
It has not as yet been possible to demonstrate an effective immunity to 
the experimental infection in laboratory animals. 

Diagnosis. — As indicated above, the yeast-like unicellular form of 
the fungus can be demonstrated by direct microscopic examination of pus 
or sputum mounted in sodium hydroxide. Positive complement-fixation 
and skin tests are of value in pulmonary and systemic infections. An un- 
equivocal diagnosis can be established, however, only by isolation and 
identification oi Blastomyces dermatitidis. This is usually not difficult if the 
specimen is not too heavily contaminated with bacteria; the fungus grows 
readily on Sabouraud's agar, the colonial morphology varying as indicated 
earlier. 

Candida Albicans (Monilia Albicans) 

The fungi which make up the group of “medical monilias’’ are yeast- 
like organisms which are usually found in the budding unicellular stage. 
Mycelium is formed only under semi-anaerobic conditions or in submerged 
cultures, and may be found in the tissues. When cultured on agar in the 
usual way, the colonies are smooth and waxy and on microscopic examina- 
tion are found to consist entirely of budding, yeast-like cells. Gelatin 
stab culture is a convenient method of differentiating these forms from the 
yeasts for, while the surface growth is yeast-like, growth along the line 
of inoculation includes the extension of radiating filaments into the medium ; 
these consist of mycelium from which budding cells arise. The same type 

Spring: Jour. Inf. Dis., 1929, 44:169. 

*®Foshay and Madden: Amer. Jour. Trop. Med., 1942, 22:565. 

100 For a detailed discussion of the usual methods of laboratory diagnosis see Martin; 
Jour. Inf. Dis., 1935, 57:291; Martin and Smith: Jour. Lab. Clin. Med., 1936, 2f:1289. 
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of growth may be observed on agar plates by cutting deeply into the medium 
with the inoculating needle and examining the growth through the bottom 
of the plate with the low power. In general, under conditions favorable 
for growth and rapid multiplication, the yeast-lilce form predominates, 
while mycelium appears under less favorable conditions. 

The first description of a fungus of this type occurring in disease was 
that of Langenbeck in 1839 who found it in patches on the mucous mem- 
branes of the mouth and elsewhere at autopsy. The organism was named 
Oidium albicans by Robin four years later. The generic name Monilia 
has come to be commonly used and the disease is usually termed moni- 
liasis. The moniliases are usually superficial infections of the mucous 
membranes, the intertriginous areas and the nails, but pulmonary moni- 
liasis is known and localized infections sometimes result in a generalized 
infection by hematogenous spread, especially in hosts debilitated by some 
other disease. 



Fig. 175. — Unstained preparation of the yeast-like form of Candida albicans, Obliqpie 
lighting- Note the budding cell and close resemblance to the true yeasts. X 1050 
(Rothman). 


The Causative Organism.. — In addition to the original Monilia albi- 
cans, a considerable number of species of Monilia have been described 
including Monilia krusei, Monilia parakrusei. Monilia iropicalis. Monilia 
stellaioides and others. In fact, a large proportion of current literature on 
these organisms is devoted to their differentiation, identification and clas- 
sification. Differentiation is made on the basis of various cultural char- 
acters such as pellicle formation in liquid media, gelatin liquefaction and 
the like, and Castellani^®^ has especially emphasized differential fermen- 
tations. The last is the most practical laboratory method but there is some 
disagreement as to the constancy of these characteristics. The various 
strains do not make up an immunologically homogeneous group hut axe 
closely related and show pronounced cross reactions.^®^ It is generally 

Cf, Gastellaui: Jour. Trop. Med. Hyg., 1937, 49:293. 

Martin: Amer. Jour. Trop. Med., 1942, 22:295. 
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admitted, however, that there is no marked correlation of the various 
differential characters, and that species so differentiated are not associated 
with any particular type of infection, i.e.^ the same species may cause a 
variety of disease processes and different species are found in the same sort 
of lesion. A further complicating factor is the inherent variability of these 
fungi; smooth, rough and transitional forms are observed, sometimes oc- 
curring simultaneously in the same patient. While the question of the 
plurality of species is by no means closed, the differentiation of a con- 
siderable number of species appears to be of limited value and justified 
only in part.^®^ For the present, therefo-re, we shall assume that all the 
pathogenic monilias constitute a group of varieties of the single species, 
Monilia albicans. 

Considerable interest has attached also to the proper generic name for 
these fungi. As indicated above, Oidium was used very early. A number 



Fig. 176. — Giant colony of Candida albicans on Sabouraud’s agar. Note the smooth 
creamy growth characteristic of yeasts. X 3. 

of old generic names have never been widely used. It is generally recog- 
nized that Monilia, commonly used in medical literature, is a misnomer, 
for these yeast-like fungi are quite different from those included by the my- 
cologist in the genus Monilia Persoon 1797. The name Mycotorula has 
been suggested in recent years, but the name Candida is probably pref- 
erable and in any case is coming into common use. The organism is, there- 
fore, Candida albicans and, if other species are differentiated, they are 
properly species of Candida, 

Pathogenicity. — These fungi are commonly present in the mouth, 
vagina and intestinal tract in normal persons and are probably not highly 
virulent with respect to initiation of the infectious process. In fact, as in 
many of the mycoses, there is frequently a history of a debilitated con- 

See Langeron and Guerra: Ann. Parasitol., 1938, 16:36, 162, 429, 481. These 
authors review the literature critically, give a detailed discussion of the methods of 
differentiation, and recognize seven species of the genus. 
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dition or other predisposing factors. While in some instances in which they 
are associated with the development of a pathologic process there is some 
doubt as to their etiologic role, in many others it is clearly evident that 
they are primary invaders and responsible etiologic agents. 

Infections of the Mucous Membranes . — Moniliasis of the mucous mem- 
branes is known as thrush and is one of the common mycoses. Intra-oral 
thrush, a superficial infection of the mucous membranes of the mouth, is 
the type most frequently observed and is considerably more common in 
nursing infants and children than in adults. In the past it has occurred in 
severe epidemic form in institutions such as foundling asylums but such 
epidemics are observed less often now. Henderson^®^ has reported an inci- 
dence of 6.3 per cent in infants in the Simpson Maternity Hospital, Edin- 
burgh, in 1940; strict isolation procedmes reduced this to 3.7 per cent in 
1942. Thrush occurs more frequently in bottle-fed than in breast-fed 



Fig. 177 — Moniliasis: invasion of the epithelial layer of the esophagus by Candida 
albicans. Left, beginning invasion of the superficial layer showing mycelium and yeast- 
like cells; note the gram-positive micrococci accompEmying the fungus; X 600. Right, 
invasion of the deeper tissue showing both mycelium and yeast-like cells penetrating the 
epithelium; X 950. Gram stains (Humphreys). 

babies, and the lesions not infrequently spread to the pharynx and even 
the esophagus. In adults thrush generally occurs terminal to wasting dis- 
eases such as tuberculosis and cancer; dryness of the mouth associated 
with prolonged coma or near coma appears to favor infection. It also oc- 
curs with some frequency as a mild vaginal infection in pregnant women 
which may or may not be associated with infection of the anus. 

In the majority of cases the infection is mild and remains localized. 
Occasionally it may spread to other mucous membranes and to the skin 
with the development of a generalized cutaneous eruption and inter- 
triginous lesions, and such cases are sometimes fatal. The most common 
predisposing malady for cutaneous moniliasis is diabetes. Hematogenous 
spread with metastasis and abscess formation in the viscera has been 
observed. 

Henderson: Edinburgh Med. Jour., 1943. 50:535. 
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The lesions appear as soft, whitish patches, composed largely of fungus 
growth. They are readily removed to leave an eroded surface. There is 
some resemblance to a diphtheritic membrane and lesions in the throat 
and on the tonsils have no doubt been mistaken for diphtheria. However, 
it is much easier to separate the membrane in moniliasis. On microscopic 
examination of the membranous material in wet preparation, the obser- 
vation of a tangled mass of segmented mycelium admixed with budding 
yeast-hke cells, desquamated epithelium and leucocytes establishes the 
diagnosis. The fungus may be cultivated on Sabouraud’s agar but isola- 
tion in pure culture is more readily accomplished with dextrose tartaric 
acid agar. The isolated fungus must be differentiated from yeasts. 

Dermatomoniliasis. — C, albicans is also causally associated with eczema- 
like lesions of the moist skin similar to those produced by Epidermophyton 
floccosum. Infection of the folds between the fingers, erosio inter digitalis, 
is more common than dermatophytosis of this region, and is found most 
often in those whose hands are frequently wet. Perleche, an infection of 
the angles of the mouth, is another form of intertrigo produced by these 
fungi. Moniliids, sterile vesicular or exudative lesions which appear on 
the hands secondary to a focus of infection elsewhere, are analogous to 
trichophytids and a result of hypersensitivity. 

The nails, chiefly of the fingers, are also attacked by C, albicans with 
the production of chronic paronychia. The condition is differentiated clini- 
cally from onychomycosis by retention of the luster of the infected nail 
and the absence of yellowish discoloration, crumbling and thickening of 
the soft tissues. The nail shows transverse ridges and eventually becomes 
thickened, distorted and brownish in color. Like interdigital infections, 
the infection is found most often in those whose hands are often wet. 

On microscopic examination of nail and skin scrapings cleared in 10 
per cent sodium hydroxide, hyphae may be present together with the 
budding yeast-like cells. 

Bronchomoniliasis. — There appears to be a distinct type of moniliasis 
of the respiratory tract which was first reported by Castellani^°® from 
Ceylon. It has been observed in Europe and this country but is apparently 
more common in the tropics. A number of moniliae have been isolated, 
aU closely related, but that variety known as Candida tropicalis has been 
most often found. According to Castellani, two types of the disease occur; 
the mild form, a chronic bronchitis characterized by dyspnea and cough, is 
afebrile, while the severe form is similar to tuberculosis and usually fatal. 

The fungi may be demonstrated by direct microscopic examination 
and by culture but such findings must be interpreted with caution, for 
the organism is frequently found in the sputum in other diseases, espe- 
cially tuberculosis. It is recommended that the throat he cleansed by gar- 
gling before the sputum is collected and other contamination avoided. 
Strains isolated from cases of bronchomoniliasis are pathogenic for rab- 
bits, producing tubercle-Hke nodules within two or three weeks after in- 
oculation into the lungs. 

105 Castellani: Lancet, 1922, i:13; Military Surgeon, 1925, 57:113. 
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CocciDioiDES Immitis 

Coccidiomycosis, coccidioidomycosis or coccidioidal granuloma was 
first observed m Argentina in 1892 by Posados^os ^nd by Wernicke two 
years later it was ciescribed independently in CaHfornia by RiVford.iQg 
{^^sative organism was thought to be a protozoan and named Coc- 
cidioides imnntis, Ophuls and MoffitP^g showed, by culture, that it is a 
tungus but this does not invalidate the name. Though originally reported 
from bouth America, the disease appears to be rare there and is most prev- 
alent in the San Joaquin Valley in California and in the dry regions of 
the southwestern United States; it seems to be unknown elsewh^e. 

The Clansative Organism, Like a number of the other pathogenic 
fungi, C. immitis is dimorphic, and the parasitic stage within the tissues . 
IS morphologically different from that assumed in culture. 



Fig. 178. — Colony of Coccidioides immitis on blood agar. Isolated from a fatal case of 
coccidioidomycosis. Natural size. 

The Parasitic Stage . — This fungus differs markedly from the other 
yeast-hke fungi in that it never reproduces by budding, and it differs from 
all the other pathogenic fungi in that it reproduces within the tissues ex- 
clusively by a process of endogenous spore formation. The newly hberated 
spores are small mononucleate spheres 1 to 3 g in diameter and appear as a 
central, deeply stained mass of protoplasm surrounded by a double-con- 
toured capsule. The cell enlarges, soon becoming multinucleate, and even- 
tually reaches a diameter of 50 to 60 g. A central vacuole appears early and 
in later stages occupies a large part of the cell, the protoplasm appearing 
as a thin peripheral layer. The peripheral protoplasm becomes vacuolated 
and an indefinite number of multinucleate protospores become delimited 
by the formation of cell walls; the protospores in turn subdivide to form 

106 Posados: Ann. Circ. Med. Argentina, 1892, 15:585. 

107 Wernicke: CentralbL f. Bakt., 1892, 12:SS9. 

1®* Cf. Rixford and Gilchrist: Jolms Hopkins Hosp. Repts., 1896, f.*209, 253. 

Ophuls and Moffitt: Philadelphia Med. Jour., 1900, 5-*1471. 
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spores and the entire cell assumes the functions of a sporangium. With 
rupture of the cell wall the mature spores are liberated and the develop- 
mental cycle begins again.^^® All of these forms may be observed in the tis- 
sues and in pus, though recently disseminated spores are difficult to dem- 
onstrate. 

The Saprophytic Stage . — The fungus will grow on a variety of sugar- 
containing media but Sabouraud’s agar is the medium of choice. It grows 
best at 37° C. under aerobic conditions- On artificial culture media the 
growth is that of a mold. The colony may be smooth and waxy when young 
but aerial mycelimn is soon formed and it becomes gray or brownish in 
color. Emmons’^^® has pointed out that, though it is often stated that the 
aerial hyphae break, up into chlamydospores, the spores are borne on 
differentiated conidiophores and should be termed conidia or oidia. Spirals 
are frequently observed. 



Fig. 179. — Coccidioidomycosis in man. Section of spleen showing a large lesion of the 
chronic type and two smaller lesions characteristic of the acute type of infection. In the 
latter sporulation is complete and the spores are beginning to spread into the surrounding 
tissue. Hematoxylin and eosin; X125 (Humphreys). 

Pathogenicity. — For many years infection with C. immitis was known 
only as coccidioidal granuloma, a severe disease in which the case fatality 
rate was thought to be 90 per cent or more. Infection with this fungus is, 
however, much more prevalent and less severe than had been supposed. 
Dickson^^i has observed healed lesions of coccidioidal granuloma at au- 
topsy of persons dying of other causes, and Cox and Smith^^^ have re- 
ported similar findings and produced arrested lesions in white rats. Fur- 
thermore, it was shown by Dickson^^* in 1937 that the disease may take a 

Nuclei were first described by Emmons in a recent review which includes complete 
descriptions of both parasitic and saprophytic stages of the organism as well as a 
discussion of the disease. Cf. Emmons: Mycologia, 1942, 54:452. 

111 Dickson: Arch. Int. Med., 1915, id;1028. 

112 Cox and Smith: Arch. Path., 1939, 27:717. 

113 Dickson: Calif. & Western Med., 1937, 47:151. See also Arch. Int. Med., 1937, 
59:1029; Amer. Rev. Tuberc., 1938, 38:722; Jour. Amer. Med. Assn., 1938, i11:1362. 
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second form, a benign, acute, self-limited respiratory infection, in addition 
to the chronic, progressive granulomatous disease. He suggested that these 
be designated primary and secondary or progressive coccidioidomycosis 
respectively and these terms are now coming into general use. 

Primary Coccidioidomycosis, — The infection is acquired by inhalation 
of the spores, and the disease varies in severity in recognized cases from that 
of a common cold to cases resembling influenza with pneumonia, cavita- 
tion and high fever. In a small proportion of the cases, possibly 5 per cent, 
an exanthem like erythema nodosum occurs and the disease is recognized 
as “the bumps,” desert rheumatism. Valley fever, San Joaquin fever, etc. 
Minor “epidemics” may occur such as that described by Davis, Smith and 
Smith^^^ in which seven of fourteen persons who spent two days on a desert 
field trip near the San Joaquin Valley became infected. The largest single 
outbreak yet recorded was reported by Goldstein and Louie. Several 



Fig. 180. — The chronic and acute types of lesion in coccidioidomycosis in the same 
section shown in Fig. 179, but under higher magnification. Left, the chronic type of lesion 
showing many mature cells of Coccidioides immitis: X 475. Right, the active type of 
lesion showing a mass of spores beginning to spread in the tissue. Hematoxylin and eosin; 
X 710 (Humphreys). 

thousand soldiers were exposed during military training in a desert en- 
demic area, and of these seventy-five contracted the disease. All but one 
made rapid progress to complete recovery, but the remaining individual 
developed a generalized infection and coccidioidal granuloma- Spontaneous 
recovery is the rule and only rarely does the disease progress to the secon- 
dary type. 

Secondary or Progressive Coccidioidomycosis, — The progressive type of 
infection results in cutaneous, subcutaneous, visceral and osseous lesions. 
The cutaneous type closely resembles blastomycosis but is a much more 
severe disease with fever and a greater tendency to hematogenous spread. 
Elsewhere the lesions closely resemble those of tuberculosis and, in fact, 

Davis, Smith and Smith: Jour. Amer. Med. Assn., 1942, ii8:llS2. 

Goldstein and Louie: War Med., 1943, 4:299. 
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differentiation from that disease may often be possible only by demon- 
stration of the fungus. It is not known whether the progressive type of 
disease results from a new infection or reactivation of arrested primary 
lesions. 

Pathogenicity for Animals. — The disease occurs naturally in domestic ani- 
mals including cattle, sheep and dogs^^® and also in certain wild rodents^^^ in 
endemic areas. The latter include three species of pocket mice, Perogriathus 
bailey i, P. penicillatus and P. intermedius, the kangaroo rat, Dipodomys 
merriami, and the grasshopper mouse, Onychomys torridus. Experimental 
animals are readily infected; both rabbits and guinea pigs are susceptible 
to intraperitoneal inoculation. 

ImmiMoity. — Since it is now apparent that infection with C. immitis 
can take a mild form from which spontaneous recovery is the rule, that 
arrested lesions occur with some frequency, and that the case fatality rates 
in the severe progressive type of disease are not as high as once thought, 
it is indicated that there is, on the one hand, an appreciable natural re- 
sistance to infection, and on the other, an effective immune response. 

The immune response is manifested in part as the development of a 
hypersensitivity to the parasite. Coccidioidin is, like tuberculin (OT) , pre- 
pared from liquid cultures of the parasite, but there is some difficulty in 
reproducing potencies. Hassid, Baker and McCready^^® have described an 
immunologically active polysaccharide which appears to make up at least 
a part of the active principle, producing both skin reactions and precipitin 
tests. Coccidioidin is inoculated intradermally, a positive reaction appearing 
in twenty-four to forty-eight hours. The hypersensitivity appears in a 
few days to a few weeks after infection, recent infections and severe in- 
fections resulting in stronger reactions than old infections and mild in- 
fections respectively. The test appears to be highly specific though there 
is as yet some disagreement as to its interpretation.^^® 

Diagnosis. — The laboratory diagnosis of coccidioidomycosis is depen- 
dent upon the demonstration of the parasite, the diagnostic value of a 
positive coccidioidin reaction being somewhat uncertain. As indicated 
earlier, it may be found on direct microscopic examination of pus, spinal 
fluid and tissues, but may be difflcult to demonstrate in the sputum. 
Lactophenol-cotton blue or Mallory’s eosin and methylene blue may be 
used for staining. Though C. immitis grows without difficulty on sugar-con- 
taining media, it has been cultured in a surprisingly small proportion of 
cases ; in 432 cases studied by Sinith,^^® the fungus was recovered from only 
22 per cent of the patients. 

Epidemiology. — In the endemic areas of the southwestern United 
States the proportion of reactors to the coccidioidin test is high, ranging 
from 16 to 90 per cent.^^^ The prevalence of infection in these regions ap- 

^^®Beck, Traum and Harrington: Jour. Amer. Vet. Med. Assn., 1931, 78:4,90; Davis, 
Stiles and McGregor: ibid., 1937, 9i:2Q9; ibid., 1938, 92:562; Farness; ibid,, 1940, 97:263- 
Cf. Emmons and Ashbum: Pub. Health Repts., 1942, 57:1715. 

Hassid, Baker and McCready: Jour. Biol. Chem., 1943, ^49:303. 

Cf. Stewart and Kimura: Jour. Inf. Dis., 1940, 66:212, 

120 Smith: Amer. Jour. Puh. Health., 1940, 30:600. 

121 Famess: Jour. Amer. Med. Assn., 1941, f 16:1749. 
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pears, therefore, to be much higher than suspected earlier. A very large 
proportion of these reactors have no history of coccidioidomycosis — 
Smith^^® estimates that only 5 per cent of infected persons show sufficiently 
pronounced clinical symptoms to be detected and diagnosed. 

Though, as indicated earlier, the disease occurs in domestic animals 
and certain wild rodents, there is no evidence of direct transmission of the 
infection from animals to man. It seems likely both man and animals are 
infected by the inhalation of spores contained in dust; there is frequently 
a history of exposure to dust storms in human cases and the fungus has 
been isolated directly from dust.^^^ q immitis is probably not, however, a 
saprophyte which infects animals and man by chance, but rather a para- 
site, the reservoir of infection of which appears to be wild rodents that 
discharge spores in the feces and thus contaminate the soil resulting in 
transmission of the fungus to both other wild rodents and man.^^^ 

Paracoccidioidomycosis. — ^The disease known as paracoccidioidal 
granuloma or South American blastomycosis occurs in Brazil but has not 
been observed in this country. The causative organism is Paracoccidioides 
hrasiliensis which, despite its name, is not closely related to C. immitis. It 
is a yeast-like fungus, proliferating by budding in the tissues, and grows 
in a compact cerebriform colony on Sabouraud’s agar, eventually produc- 
ing a white aerial mycelium. 

The disease is clinically simileir to coccidioidomycosis and blastomycosis. 
The fungus enters the body via the mouth to produce ulcerative granu- 
lomatous lesions which spread to the tongue, lips and nose. The infection 
spreads via the lymphatics to produce lesions of the viscera and often pul- 
monary involvement. It is usually fatal. 

Diagnosis is established by microscopic demonstration of the multiple 
budding cells (in contrast to the singly budding cells of Blastomyces der- 
matitidis) in material from the lesions, or by culture. 

Histoplasma. Capsulatum 

This organism was discovered in 1906 by Darling,^24 observed it in 
sections of tissues taken post mortem from three cases of what appeared 
to be visceral leishmaniasis and named it Histoplasma capsulatum. The 
first case in the United States was reported in 1926. The disease is re- 
viewed by Meleney^^® who summarized 32 cases known to 1940, all of 
which were American and 24 of which were found in the United States. 
Since then other cases have been reported, including one from England 
by Derry, Card and Wilson^^e ^nd one from Africa by Simpson and Bar- 
netson.^27 increasing number of cases reported in recent years is no 
doubt a consequence of more general interest in the disease and suggests 
that it is more common than has been thought. 

122 Cf. Emmons: Pub. Health Repts., 1942, 57.-109. 

123 J6i(i.,1943, 5^:1. 

124 Darling: Jour. Amer. Med. Assn., 1906, 46.*12S3. 

125 Meleney: Amer. Jour. Trop. Med., 1940, 20:603. 

i2« Derry, Card and Wilson: Lancet, 1942, ii:224. 

127 Simpson and Barnetson: Jour. Path. Bact., 1942, 54:299. 
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The Causative Organism. — The organism appears in the tissues as a 
small, oval, encapsulated yeast-like cell 3 to 5 m in diameter. Larger strains, 
10 /i in diameter, have been found in two cases and described as another 
species, Histoplasma pyriforme, but the implied difference or relationship 
is highly uncertain. In stained preparations the central stained mass is 
surrounded by a clear zone and the refractile capsule. The organism is 
usually intracellular, in the mononuclears in the peripheral blood and in 
the macrophages elsewhere, especially those of the bone marrow and 
spleen. Because of this characteristic intracellular position of the parasite, 
the disease is sometimes called reticulo-endothelial cylornycosiff or simply 
cytomycosis. 

The organism was cultivated in 1934 by DeMonbreun^^® from the blood 
during life and the spleen at autopsy of one case, and by MansrnaTiti and 
Schenkeni29 biopsy material from another. It grows in the yeast-like 



Fig. 181 . — Histoplasma capsulatum. Yeast-like cells in the macrophages of the bone 
marrow in systemic histoplasmosis. Hematoxylin and eosin; X 1000 (Humphreys). 


form seen in the tissues in sealed blood agar cultures, but on Sabouraud’s 
agar a mycelial form is assumed and the colonies are mold-like, white and 
cottony with aerial mycelium. Chlamydospores are formed in abundance, 
first smooth and pyriform, but as they mature they become larger, 7 to 
15 /z in length, thick-walled and tuberculate with finger-like protuberances 
sometimes as much as 6 /x long. Conant^^® has studied these developmental 
stages in detail and has been able to convert the mycelial stage to the yeast- 
like form by cultural methods. The fungus has been regarded by some as 
closely related to Paracoccidioides hrasiliensis. 

Pathogenicity. — Meleney^^® has differentiated four general types of 
disease produced by H. capsulatum. The clinical picture is sometimes one 
of a systemic febrile disease with splenomegaly, septic temperature curve, 
anemia and leucopenia, simulating kala-azar. A second type is distin- 
DeMonbreun: Amer. Jour. Trop. Med., 1934., 14:93. 

Hansmann and Schenken: Amer. Jour. Path., 1934, 10:731. 

Conant: Jour. Bact., 1941, 41:563. 
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guished by the predominance of lymphatic involvement and resemble- 
Hodgkin’s disease, lymphosarcoma, leukemia or aplastic anemia. Or pul 
monary symptoms may predominate with cavitation and fibrous adhesions 
of the pleurae, the infection sometimes complicating tuberculosis. A fourth 
type is characterized by ulcerative skin lesions; ulceration also occurs in 
the intestine. 

Though it is sometimes implied that histoplasmosis is always a general- 
ized infection of the macrophage system, the parasites being especially 
numerous in tissues rich in these cells such as the spleen and bone marrow, 
this is by no means generally true. In most cases there are nodules or ex- 
tensive areas of necrosis in one or more organs and in some instances only 
a single organ, such as the adrenals, has been infected. These necrotic 
lesions usually consist of a central area of necrosis surrounded by granula- 
tion tissue containing large numbers of macrophages and ingested para- 



Fig. 182 . — Histoplasma capsulatum. Yeast-like cells in the suprarenal gland in systemic 
histoplasmosis. Gram stain; X 1350 (Humphreys). 


sites. In some instances the parasite has been found to be limited to such 
areas, while in others it is widely distributed in the macrophage system 
as well. 

Pathogenicity for Animals . — A naturally occurring infection in a dog has 
been described by DeMonbreun^^^ and was experimentally transmitted to 
puppies by oral and parenteral inoculation. Similar infections of ferrets 
and mice have been reported though not proved to be histoplasmosis. 
Experimental animals are infected with some facility, a localized lesion 
being produced at the site of subcutaneous inoculation in guinea pigs and 
rabbits, and generalized infection in dogs and rats.^^® Both yeast-like and 
mycelial forms are infectious experimentally. 

Diagnosis. — Microscopic demonstration of the fungus is highly sug- 
gestive but culture and identification are required to establish the diag- 
nosis. The disease has not been studied sufficiently to allow the develop- 

131 D^Monbreun : Amer. Jour. Trop. Med., 1939, J9:565. 
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ment of a diagnostic procedure. H. capsulalum has been isolated by blood 
culture in generalized infections and from biopsy specimens; sternal punc- 
ture may prove useful. In any case, the mycelial form of the fungus de- 
veloping on Sabouraud’s agar at room temperature is distinguished from 
other pathogenic fungi by the formation of the large, thick- walled, tuber- 
culate chlamydospores described above. 



CHAPTER 33 


THE SPIROCHETES 

Spirally shaped microorganisms were for a long time grouped together 
indifferently under the common name of spirillium, spirochete or vibrio. 
Further knowledge has shown that some of these are true bacteria, al- 
though curved, and such forms are now placed with the bacteria in the 
genus Vibrio and various species of Spirillum, Others, however, possess 
characteristics which distinguish them from curved bacteria, such as the 
cholera vibrio, and also from the actively motile protozoa, such as the trypan- 
osomes. These forms, the spirochetes, are actively motile but, unlike the 
motile bacteria, not by means of flagella hut rather through the rotation 
of the screw-shaped cell. Some spirochetes possess a terminal filament 
which functions as an organ of locomotion and resembles the polar flagel- 
lum of monotrichous bacteria. Like the bacteria, however, the spirochetes 
multiply by transverse fission, have no well-defined nucleus, and do not 
exhibit anterior-posterior polarity. They appear to be more closely related 
to the true bacteria than to the protozoa and may, perhaps, be regarded 
as a connecting link between the two. 

Classification and nomenclature within the group are still in an un- 
certain condition, and there is by no means general agreement regarding 
the separation of some of the genera. These microorganisms are difficult 
to cultivate on artificial media in many cases, and little or nothing is 
known of their physiological characteristics ; the genera are separated from 
one another on a purely morphological basis. ^ 

Although the name spirochete is commonly used to designate those 
forms which are classified as members of the family Spirochaetaceae, the 
generic term Spirochaeta was originally proposed by Ehrenberg® for the 
large free-living forms he described. A second genus, Cristispira, is charac- 
terized by the presence of a membranous appendage or crista wound 
about the body of the cell, and is made up of microorganisms found living 
as saprophytic commensals in certain molluscs. A third genus, Saprospira, 
consists of free-living forms which differ from Cristispira in that the crista 
is absent. The other genera contain the spirochetes which are pathogenic 
for man and animals: Borrelia, the spirochetes of the relapsing fevers; 
Leptospira, the spirochetes causing Weil’s disease or infectious jaundice 
and certain fevers; and Treponema, the spirochetes of syphilis and yaws. 
The differential characteristics of these genera are summarized in the ac- 
companying table. 

^ Cf. the detailed discussion of Noguchi; The Spirochetes. Chapter XXXVI in Jordan 
and Falk: Newer Knowledge of Bacteriology and Immunology. The University of Chicago 
Press. Chicago. 1928. 

2 Ehrenberg: Die Infusionstierchen. 1838. 
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THE SPIROCHETES OF THE RELAPSING FEVERS (BORRELIA)^ 

The relapsing fevers are a group of closely related infections charac- 
terized clinically by an initial pyrexia of three to four days’ duration, fol- 
lowed at intervals of a few days by successive relapses. They are widely 
distributed and occur in every country of the world with the possible ex- 
ception of Australia. The microorganisms responsible for these diseases 
are spiral forms, first observed by Obermeier^ in the blood of patients with 
European relapsing fever. 

Morphology. — The basic structure of these spirochetes is a springlike 
axial filament upon which there is a layer of contractile protoplasm en- 
veloped in a delicate periplast. The terminal filaments are, perhaps, drawn- 
out ends of the periplast or non-rigid and non-coiled ends of the axial 
filament. Attached spherical bodies are sometimes observed and the^e are 
thought to be minute extrusions of cytoplasm through the periplast. The cell 



Fig. 183 . — Borrelia recurrentis in blood smear. X 2000 (Krai). 


rotates as a consequence of the stretching of the axial filament by the pres- 
sure of contracting protoplasm. When there are rapid and successive con- 
tractions and relaxations, the microorganism rotates rapidly and moves in 
one direction or another according to the direction of the rotation. In the 
relaxed state the spirals are regular and even; the larger the cell the heavier 
the axial filament and the greater the distance between the spirals- The 
regularity of the spirals is disturbed by the contracting and relaxing pro- 
toplasm in the actively motile cells. The various species cannot be dis- 
tinguished from one another on a morphological basis. All are 0.2 to 0.5 /z 
in breadth by 10 to 20 ju in length. They are best stained by the Roman- 
owsky method or some modification such as Giemsa, but, in contrast to 
some of the others, Borrelia may be stained with the ordinary aniline 
dyes. 

2 For general discussions see A.A.A.S. Symposium No. 18, Relapsing Fever in the 
Amencas, 1942; Hemingway, Hemingway and Ameson: Northwest Med., 1940, 59 .*362. 

* Obermeier: Centralbl. f. d. med. Wissenschr., 1873, 
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Classification 

Cultivation. — The spirochetes of relapsing fever have been cultivated 
by Noguchi^ in a medium of ascitic fluid and fresh tissue in which a net- 
work of jSbrin is formed. A semisolid serum agar has been used by Kligler 
and Robertson.® In culture the spirochetes are aerobic and the paraffin- 
oil seal frequently used prevents evaporation rather than interferes with 
the diffusion of oxygen.While such successful cultivation has been reported, 
the spirochetes are exceedingly difficult to grow in initial culture and can- 
not be maintained in serial passage; it is not unlikely that they only per- 
sist for a time in such media and 'never have been actually cultivated. 
They may be grown in the developing chick embryo,^ however, and have 
been isolated directly from human infections in this way.^ 

Classification. — The relapsing-fever spirochetes have been given the 
generic name Borrelia and are so called in the Bergey classification- The 
validity of this degree of differentiation from the spirochetes of syphilis 



Fig. 184. — ^Relapsing fever spirochetes. Left, Borrelia duttonii of Central African re- 
lapsing fever; right, Borrelia kochii of East African relapsing fever. X 2000 (Kralj- 


and yaws, Treponema, is open to some cpiestion, and the relapsing-fev^ 
spirochetes are regarded by many as Treponema species. It has been pointed 
out by Noguchi^ that the relapsing-fever spirochetes do not (^er more 
from Treponema pertenue (yaws) than that microorgamsm differs from 
Treponema pallidum. ^ 

It is not clear to what extent the relapsing fever spirochetes can be 
divided into species. It is probable that in many cases those given species 
rank are, in fact, only strains or varieties. In many instances these have 
been given place names or named after some individual worker bi^ the 
differentiation has been geographical rather than biological. These forms 
are immunologically heterogeneous and unstable in that they are modi- 
fied in character by residence in different insect or mammalian hosts. 


® IN^oguchi: Jour. Exp. Med., 1912, f^.*199, 620. 

« Kligler and Robertson: Jour. Exp. Med., 1922, 55:303. ^ i o'? 

7 Chahaud: Bull. Soc. Path. Exot., 1939, 52:483; Oag: Jour. Path. Bact., 1940, .1^7 

* Bohls, Irons and DeShazo: Proc. Soc. Exp. Biol. Med., 1940, 45:375. 
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Cross-immunity tests, therefore, are not useful. It has been suggested 
that they be differentiated on the basis of pathogenicity or insect host 
but there appear to be no reasonably definite lines of demarcation pos- 
sible on these bases. In general, then, the questions of interrelationship 
and speciation of these organisms are almost completely open at present, 
but most workers agree that, although they are all immunologically re- 
lated, there is too great heterogeneity to justify regarding the various 
strains as no more than varieties of a single species Borrelia {Treponema) 
recurrentis. 

Pathogenicity. — As indicated above, the relapsing fevers constitute 
a group of closely related diseases. The spirochete observed by Obermeier 
was that of European relapsing fever, a disease which has been known since 
the early part of the eighteenth century and has at times prevailed ex- 
tensively in parts of Europe. The causal microorganism is designated 
Borrelia (or Treponema) recurrentis. Four forms of relapsing fever occur 
in Africa; the spirochete of the form in Central Africa is Borrelia dattonii, 
that of the East African disease Borrelia koehii, that occurring in northern 
Africa, in Tunis, Algiers and Tripoli, is Borrelia berhera, and that in the 
Sudan Borrelia aegyptica. Relapsing fever also occurs in India, and the 
causative microorganism is Borrelia carteri. American relapsing fever is 
caused by still another spirochete, Borrelia novyi; other strains isolated in 
this country have been named Borrelia turicata. South American strains 
have been called Borrelia venezuelensis and Borrelia neotropicalis . 

All forms of relapsing fever are clinically identical. The onset is sudden, 
with chills, fever and severe headache, muscular and joint pains are fre- 
quently observed, and there is a moderate enlargement and tenderness 
of the spleen. The fever ends suddenly by crisis in three or four days. 
Successive relapses occur at intervals of two to fourteen days, and the 
period of relapse varies from a few hours to longer than the primary fever. 
The number of relapses varies. Spirochetes may be found in the blood 
during the paroxysms. The case fatality is not high in European relapsing 
fever, perhaps 4 to 5 per cent. There are no characteristic findings at 
autopsy. 

The infection may be transmitted to the rat and mouse, but the guinea 
pig appears resistant to most strains though it may be infected with cer- 
tain American strains.® It has been reported that the hamster may be in- 
fected with at least some strains.^® It is of some importance that the blood 
for inoculation be taken at the onset rather than at the decline of the re- 
lapse. Ordinarily the infection is inapparent in both rats and mice in that 
there are no observable symptoms, but successive “attacks,” beginning 
two to four days after inoculation, are evidenced by the appearance of 
the spirochetes in the blood. They are present for two or three days, dis- 
appear, and reappear three or four days later in a second “attack.” Usually 
only two or three such relapses occur, the spirochetes becoming fewer and 
persisting for shorter times in the successive relapses. Experimental dis- 

^ Davis: Piib. Health Repts., 1939, 54:1721. 

Chen and Anderson: Proc. Soc. Exp. Biol. Med., 1941, 4^:658. 
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ease may also be produced in monkeys and its course is very similar to 
that in man.^^ 

Natural infection of lower animals occurs with some frequency in en- 
demic areas and there is much evidence to support the hypothesis of 
Nicolle and Anderson^^ that small mammals, especially rodents, consti- 
tute a natural reservoir of the tick-borne infection. A wide variety of 
animals may be infected, including the rat, mouse, chipmunk, squirrel, 
opossum, porcupine, armadillo, hedgehog, fox and dog. Susceptibihty varies 
considerably among animal species, and from one strain to another of 
the spirochete. 

A spirochetosis of geese is due to Borrelia anserinum, a microorganism 
regarded by many as identical with Borrelia gallinarum, which produces a 
septicenna of chickens. Another species, Borrelia thieleri, is associated 
with a benign affection of cattle in South Africa but appears to have but 
low pathogenic powers. Morphologically similar spirochetes have also been 
found in the blood of sheep, horses and bats and in the alimentary tract 
of fish and insects, but they are not associated with any obvious indispo- 
sition. 

Iinmunity. — Following infection agglutinins, lytic and spirocheticidal 
antibodies may be found in the serum. Usually the immunity following re- 
covery from an attack of relapsing fever is of short duration but occa- 
sionally a more solid immunity may develop. The latter is often attributed 
to a persistence of the infection i.e., an immunity to superinfection.^® 
This is not definitely known, however. 

Relapse appears to be basically an immunological phenomenon and 
dependent upon the antigenic instability of the spirochete. It was shown 
by Novy and Knapp^^ that the spirochetes will remain alive for as long as 
forty days in blood drawn before the onset of an attack, but in blood 
drawn during the decline of an attack or after recovery they die out in less 
than an hour. In the latter case the blood is spirocheticidal and the killed 
spirochetes are phagocytosed. It was suggested by Novy^^ that the relapse 
is a consequence of the survival of a few individuals which are resistant 
to the specific spirocheticidin and which multiply to give rise to a new 
serum-fast strain. It has been found by Cunningham and his coworkers^® 
and by Meleney^® that spirochetes isolated after successive relapses differ 
serologically from the spirochetes of the first attack, and as many as nine 
different serological types Borrelia were distinguished by Cunning- 

ham ; after any particular type appeared in an animal, it never reappeared 
in the further course of the disease in the same animal. It is not clear 
whether this immunological variation is “normal” in the sense that it 

Experimental infections have been studied in detail by Novy and Knapp: Jour. 
Inf. Dis., 1906, 3:291. 

12 Nicolle and Anderson: Bull. Inst. Pasteur, 1927, 25:657. 

13 C/. Hindle: Trop. Dis. Bull., 1935, 52:309; Coleman: Jour. Inf. Dis., 1934, 54:1; 
Beck: Jour. Inf. Dis., 1937, 60:64. 

1^ Novy: Science, 1908, 27:650. 

16 Cunningham: Trans. Soc. Trop. Med. Hyg-, 1925, f9:H; Cunningham el al: Indian 
Jour. Med. Res., 1934, 22:105, 595. 

16 Meleney: Jour. Exp. Med., 1928, 45:65. 
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occurs without environmental stimulus as in the case of the phase varia- 
tion of Salmonella (p. 387), the antiserum selecting out the resistant im- 
munological type, or whether it is the kind of induced variation produced 
by cultivation of a microorganism in the presence of homologous anti- 
body to give rough variants. 

The parallel between this and the successive relapses of certain types of 
trypanosomiasis is striking. In the guinea pig infected with Trypanosoma 
rhodesiense recovery is due to the development of a specific trypanolysin, 
the relapse to the multiplication of serum-fast trypanosomes, second re- 
covery to a second specific trypanolysin and so on. In this case the serum- 
fast strains are immunologically distinct from one another. In Trypano- 
soma lewisi infections in the rat, however, both a trypanolysin and a re- 
production-inhibiting antibody, or ahlastin, are formed; the inhibition of 
cell division does not, presumably, allow the development of serum-fast 
strains, and hence there eire no relapses.^^ 

Diagnosis.^® — ^The diagnosis of relapsing fever is made by demon- 
stration of the spirochetes in the blood during the onset of a relapse by 
direct microscopic examination or by animal inoculation. Either the usual 
blood smear or a thick film similar to that used for the detection of malarial 
parasites may be used. The films are air-dried and stained with Giemsa; 
Wright’s stain is satisfactory for thin films. The spirochetes may also be 
found in fresh wet preparations by darkfield examination. Mice and/or 
rats may be inoculated intraperitoneally and blood smears made daily for 
as long as two weeks if the spirochetes are not found. 

In the past immunological methods of diagnosis have not been satis- 
factory. More recently, however, Stein^® has prepared spirochete antigens 
by saponin hemolysis and washing of the spirochetes. Complement fixa- 
tion, sadd to be preferable for diagnostic purposes, and agglutination with 
sera from infected persons or animals* occur and are reported to be specific. 

Epidemiology. — The relapsing fever spirochetes are blood rather than 
tissue parasites and the infection is transmitted by blood-sucking insects, 
though rare cases of direct transmission may possibly occur. Two epidemi- 
ological types of the disease are to be distinguished, the one tick-borne 
and representing transmission from an animal reservoir of infection to 
man, and the other louse-borne infection spread from man to man. 

A tick vector was not recognized in this country until 193020 but the 
tick-borne disease is now known to be not uncommon and at the present 
time is the only type which occurs. Known endemic foci of infection exist 
in Arizona, California, Colorado, Idaho, Kansas, New Mexico, Nevada, 
Oklahoma, Oregon, and Texas and possibly also in Montana, Utah and 
Washington. Ornithodorus turicata and O. hermsi are known to transmit 
the disease and it iseems probable that 0. parkeri transmits it also but 
final proof is lacking. O. talaje transmits the infection in tropical America 
but apparently not in the United States; O. rudis is regarded as the most 

Taliaferro: Jour. Exp. Med., 1924, 59:171. 

C/. Bohls and Schohardt: Texas State Jour. Med., 1933, 29:199. 

Stein: Jour. Exp. Med., 1944, 79:115. 

Weller and Graham: Jour. Amer. Med. Assn., 1930, 95:1834, 
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important vector in the tropics in this hemisphere. The traditional vector, 
and the most common in West Africa, is 0. mouhata. There appears to be 
no specific relationship between any particular species of tick and any 
particular strain of spirochete. 

Infection may persist for long periods of time in the tick; Francis^^ has 
reported survival in starved ticks for as long as five years, and in refed 
ticks for six and one half years. Furthermore, the spirochete may be 
transmitted to the offspring and even the third generation may be infected. 
The spirochetes are present in the coxal fluid, saliva and feces of infected 
ticks. Of these, the first two appear to be the more important in transmis- 
sion of the infection to man. For example, 0, mouhata, an excellent vector. 



Fig. 185. — The world- wide distribution of relapsing fever, both louse- and tick-borne- 
Redrawn from map prepared by Army Medical Intelligence^ 1943. Based on Goode 
Base Map No. 201M. By permission of the University of Chicago Press. 


secretes coxal fluid copiously while feeding, thus making possible infection 
of the bite, while 0. hermsi, which is not known to transmit the infection 
to man though it does so from rat to rat, does not pass coxal fluid while 
feeding. The relative importance of direct introduction of the spirochete 
into the bite by infected saliva is not altogether cleeir. It is not improbable 
that infection of the bite by contaminated feces occurs occasionally. 

European relapsing fever is transmitted from man to man by the human 
body louse, Pediculus vestimenti, and has the epidemiological character- 
istics of louse-borne disease. In contrast to the tick-borne infection, the 
bite is not mfected by the secretions of the lice; rather the infected louse 
must be crushed on the skin and the spirochetes present in the body fluids 
Francis: Pub. Health Repts., 1938, 53:2220* 
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contaminate the bite. The infection is transmitted to the egg, and there is 
some evidence that the disease may be produced by crushed eggs laid by 
infected lice. 

It is possible that the fingers may become contaminated by crushing 
infected lice and transmit the infection by scratching. The bedbug may 
also serve as a mechanical carrier of the infection. 

Spirochetosis of fowls is transmitted by a tick, Argas persicus, which 
infests fowls in the warmer parts of the world and, as in human relapsing 
fever, the spirochete is transmitted through the egg of the tick to the 
offspring. 

VINCENT’S ANGINA (BORRELIA VINCENTI)22 

Vincent’s angina, an ulceromembranous angina and stomatitis of the 
mucous membranes of the mouth and throat, is variously known as Plaut- 
Vincent’s angina, pseudomembranous angina, trench mouth, etc. The 
symptoms and lesions are quite characteristic, and the affection is prev- 
alent, though it generally passes unnoticed because of its mild character. 



Fig. 186. — Smear from Vincent’s angina showing the characteristic mixture of spirochetes 
(Borrelia vincenii)’ and fusiform bacilli. Fuchsin; X 1250 (P. E. Harrison). 


Smears from the necrotic lesions show two types of bacteria inter- 
mingled, fusiform bacilli (p. 490) and spirochetes. The latter are morpho- 
logically similar to the relapsing-fever spirochetes and have been desig- 
nated Borrelia vincenti. The relation of the spirochetes to the fusiform 
baciUi is by no means clear. It has been supposed by some that the two are 
distinct microorganisms, closely associated in some sort of symbiotic re- 
lation. Others^^ are of the opinion that these two forms are different phases 
in the life history of a single microorganism. The balance of the evidence is, 
however, against the latter view. The fusiform bacilli may be cultivated 
as indicated in an earlier chapter (Chap. 26), but as yet the spirochetes 
have not been grown on artificial media. 

^ See the review by Weaver: Med. Res. Council (Great Britain) Monthly Bull., 
1943, 2:107. 

23Tunnicliff: Jour. Inf. Dis., 1906, 5:481. 
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The causal relation of these microorganisms to Vincent’s angina is not 
established. They are found in practically every normal mouth and in a 
variety of pathological conditions where their presence suggests that of a 
secondary invader rather than that of a primary exciting cause. Pure 
cultures of the bacilH injected into traumatized tissues have failed to pro- 
duce lesions.^^ It has been found that dogs injected with a squill glucoside 
(scillaren B) develop a condition of the mouth identical with that of Vin- 
cent’s angina. The etiology of this disease is as yet entirely unknown, as is 
the pathogenicity of the spirochetes of the mouth.^® 

SYPHILIS (TREPONEMA PALLIDUM) 

Syphilis was not recognized as a clinical entity prior to 1493. The origin 
of the disease has been a matter of dispute, some maintaining that it was 
taken to Europe from the New World by the crew of Columbus, and others 
that it was already present in Europe.^® In any case, some of the returning 
crew accompanied Charles VIII of France in the invasion of Italy in 1494. 
The epidemic which began in Italy at this time spread over Europe with 
the scattering of the troops. The sexual transmission of the disease was 
not realized until some time after this epidemic outbreak. The French re- 
ferred to it as the Italian disease, and the Italians termed it the French 
disease or morbus gallicus. The disease derived its name from the principal 
character of the poem ''Syphilis sive Morbus Gallicus'’ written by Fracas- 
torius in 1530.27 

The disease was transmitted to monkeys and anthropoid apes by Metch- 
nikoff and Roux^® in 1903, and the spirochete was described by Schaudinn 
and Hoffmann^® in 1905. 

Morphology. — As indicated earher, the morphological differences be- 
tween Borrelia and Treponema are minor, and Treponema pallidum need 

Lichtenberg, Werner and Lueck: Jour. Amer. Med. Assn., 1933, 100:707. 

25 For discussions see Hanell: Arcli. Otolaryng., 1931, t4.'l; Smith: Oral Spirochetes 
and Belated Organisms in Fiiso-Spirochetal Diseases. WiUiams & Wilkins Compsuay. 
Baltimore. 1932; Gins: Ztschr. f. Hyg. u. Infektionskr., 1942, i24.*460. 

25 See Holcolm: Bull. Hist. Med., 1941, if(?.T48. 

27 “The other poem, also by Fracastor, entitled Siphilis, dedicated to the future 
cardinal, Pietro Bembo, — ^the same who shunned reading the Epistles of Paul the Apostle 
lest he corrupt his own style, — ^hymned forth in line just as irreproachably elegant as the 
first, and also after Virgil, the French Malaise and the modes of treatment by sulphur 
baths and mercury ointment. The origin of the disease was explained, in passim^ by the 
fable of a certain shepherd of ancient times by the name of Siphilis, who had aroused the 
ire of the god of the Sun with his mockeries; the god did punish him with a malady 
which would not yield to any treatment, untU the nymph America did initiate him into 
her mysteries and did lead him to a grove of the healing Guaiacum trees, a sulphur 
spring, and a lake of mercury- Subsequently Spanish travelers, having sailed across the 
ocean and discovered the New Lands, wherein the nymph America dwelt, did also offend 
the god of the Sun, having shot in the chase the birds sacred to him, of which one did 
prophesy in a human voice that for this sacrilege Apollo would send them the French 
Malaise.” Merejkowski: The Romance of Leonardo da Vinci. Guemey translation. 
Modern Library. 

2* Metchnikoff and Roux: Ann. Inst. Pasteur, 1903, i7:809; ibid., 1904, 18:1, 657; 
ibid., 1905, f9;673. 

29 Schaudinn and Hoffmann: Arb. a. d. k. Gesund., 1905, 22.*527; Deut. med. 
Wchnschr., 1905, 31:711. 
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not be further described here. Involution forms and granular forms may 
be seen®® and LevaditP^ believes that granules are viable and infectious. 
This spirochete is exceedingly difficult to see in the . unstained state by 
transmitted light and is also refractory to stains. It may be observed un- 
stained in fresh preparations in the darklield and in smears by transmitted 
light in india-ink relief stains. The spirochete may be stained in smears by 
Giemsa’s eosin azure and in tissue sections by the silver-impregnation 
methods used in neurological work. Somewhat simpler methods of staining 
with Victoria blue or carbol-gentian violet are reported to be satisfactory .22 
Cultivation. — Schereschewsky^s reported the cultivation of T. pal- 
lidum on artificial media in 1909, but his cultures appear to have been 
contaminated with other microorganisms. Noguchi^^ later reported the 
growth of several strains of the spirochete in pure culture under strictly 
anaerobic conditions in a serum water medium containing a piece of 
sterile fresh rabbit kidney or testicle. These cultures were carried through 



Fig. 187 . — Treponema pallidum in stained (silver impregnation) smear. X 2000 (K.ral) . 

a number of generations and produced typical lesions on intratesticular 
inoculation in the rabbit. The spirochete is very difficult to grow, espe- 
cially in the first generation from the animal body. Noguchi first grew it 
from syp hil itic lesions in the rabbit but was later able to cultivate it 
directly from man. Culture in the developing chick embryo is not success- 
ful.^® Culture of the spirochete is, therefore, not a feasible routine proced- 
ure, and the microorganism is generally kept in the laboratory in infected 
animals. The spirochetes remain alive indefinitely in the lymphatics of 
the rabbit and may be readily obtained by excision of a popliteal gland. 

30 See the detailed morphological studies of Manouelian: Ann. Inst. Pasteur, 1940, 
64:439. 

31 Levaditi: G. R. Soc: Biol., 1941, 155:467. 

33 Goldsworthy and Ward: Jour. Path. Bact., 1942, 54:382. 

33 Schereschewsky: Deut. med. Wchnschr,, 1909, 55:835. 

3^ Noguchi: Jour. Exp. Med., 1911, 14:99. 

3« Callaway and Sharp: Jour. Lab. Clin, Med., 1941, 27:232; Wile and Snow; Jour. 
Invest. Dermat., 1941, 4:103. 
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It has been found®® that the microorganism also remains viable indefi- 
nitely in the mouse and may he recovered from the lymphatics, spleen or 
brain. Levaditi®^ is of the opinion that different strains differ in their 
pathogenicity for experimental animals. 

T- pallidum is a very fragile microorganism and dies out quickly out- 
side the body. It is readily killed by drying and is unusually susceptible 
to heat; suspensions of infected rabbit testicle are sterilized by exposure 
to 41.5° C. for one hour and 41° C. for two hours.®® In undisturbed cul- 
tures kept uninterruptedly at 37° C. it may remain ahve for as long as a 
year. Like other bacteria, this spirochete is much less affected by extreme 
cold. It remains viable for at least a year in infected tissue frozen at — 78° 
G. and stored at that temperature; stored at — 20° C., however, it dies 
out in forty-eight hours.®® The risk of transmission of syphilis by blood 
from blood banks is negligible for the spirochete dies out in three days at 
refrigerator temperature.^® 

Pathogenicity for Man, — Syphilis is transmitted from person to 
person through intimate contact, usually sexual. Indirect transmission 
may occur, however, through the agency of articles such as common 
drinking cups, towels and the like, if the time interval is very short. The 
spirochete penetrates the skin and mucous membranes through minute 
abrasions and possibly through the intact skin, though this is not defi- 
nitely known. An appreciable lapse of time is required for penetration, 
however, for it was early shown by Metchnikoff and Roux^® that the 
application of calomel ointment one to two hours after cutaneous inocula- 
tion of chimpanzees prevented infection. 

The prevalence of syphilis is not known definitely; the estimate that 
10 per cent of adults in the United States will give positive Wassermann 
tests is probably fairly accurate. It is also estimated that between 1 and 
2 per cent of the children in this country have congenital syphilis- The 
mortality from syphilis is also not known. The death rate of 13 to 14 per 
100,000 is misleading, for deaths reported as due to other causes are fre- 
quently due to syphilis; all cases of general paresis, locomotor ataxia and 
many cases of apoplexy and aortic aneurysm are, for example, due to 
syphilitic infection, and the disease is a contributory cause in deaths from 
other diseases. Studies on the incidence of syphilis in autopsies on adults 
have given rates from 2.6 per cent to 29.5 per cent; the average in 146,761 
autopsies performed from 1896 to 1938 was 5.45 per cent.^ 

In this country the prevalence is much higher in the Negro than in 
the white; tests of the first two milhon selectees under the Selective Service 
Act showed 2.3 per cent in white and 27.2 per cent in Negroes. There is 
considerable variation in the ratio from one part of the country to another.^® 

*• Kolle and Schloszberger: Deut. med. Wchnschr., 1928, 54*129. 

Levaditi: Ann. Inst. Pasteur, 1942, CS.-llS. 

3* Boat, Carpenter and Warren: Jour. Exp. Med., 1932, 5C.‘725. 

3* Ravitch and Chambers: Bull. Johns Hopkins Hosp., 1942, 7i:299. 

"*3 See the discussion in the Lancet, 1941, i.*286. 

^ These studies have been summarized by Rosahn and Black-Schaffer: Arch. Int. 
Med., 1943, 72:78. 

" See Vonderlehr and Usilton: Jour. Amer. Med. Assn., 1942, i20:lZ69, 



684 The Spirochetes 

Smillie/® therefore, regards syphilis in the United States as primarily a 
Negro problem. 

A disease of protean manifestations, syphilis in man assumes several 
relatively well-defined clinical stages. The ordinary course of the disease 
includes the successive appearance of the so-called primary, secondary 
and tertiary stages; congenital syphilis is best regarded as a separate sub- 
division. 

Primary Stage. — Following the penetration of the skin or mucous mem- 
branes, the spirochetes rapidly invade the tissues; it has been found that 
the inguinal lymphatics of rabbits become infective thirty minutes after 
cutaneous inoculation of the scrotum.^^ The initial primary lesion ap- 
pears ten to thirty days following infection. The typical hunterian chancre 
(so called because it was described accurately and in detail by John Hunter) 
is an indolent, indurated ulcer, single and painless, and not infrequently 
atypical and trifling in appearance. The presence of the spirochetes in 
the chancre serum may be demonstrated by darkfield examination and 
constitutes the diagnostic method in early primary syphilis, for a positive 
Wassermann reaction (see below) does not develop until two or three 
weeks after infection. Clinically, then, syphilis in the primary stage is a 
locahzed infection, but bacteriologically it is a generalized infection, and 
spirochetes are often present in the blood stream. 

Secondary Stage. — In the secondary stage the generalized nature of the 
infection is apparent. Bones, joints, eyes and other organs are invaded 
with the appearance of constitutional symptoms, cutaneous lesions, en- 
largement of the lymph glands, pains in the joints and the like. Evidences 
of the development of this secondary stage are usually apparent four to 
eight weeks after the appearance of the chancre but may be delayed for a 
year or more. Spirochetes are present in all the lesions and may be found 
in the blood stream. 

Tertiary Stage. — The disease passes insensibly into the tertiary stage and 
may persist for years. Ulcerating necrotic lesions of the skin and gum- 
mata of the internal organs are common, and the clinical manifestations 
of infection are so highly diverse that there is no characteristic picture. 
Spirochetes are present in the tertiary lesions but only in small numbers. 

Neurosyphilis. — Spirochetal invasion of the central nervous system may 
occur independently of the so-called stages and as soon as the early secon- 
dary stage. Generally, however, neurosyphilis is a manifestation of late 
tertiary infection and may appear years after the initial infection, and 
tabes dorsalis, general paralysis and other evidences of the invasion are 
sometimes termed quaternary or parasyphilitic affections. The spirochetes 
may be found in the cord in tabes dorsalis and in syphilitic brains in the 
cortex, in the pia and vessel sheaths. General paralysis is, then, a diffuse 
spirochetosis of the brain involving the cortical layers chiefly, and the 
presence of the spirochetes in the parenchyma explains much of the his- 
topathological picture and the nervous symptoms of the affection. 

Latent Syphilis. — In some instances the primary lesion is not noticed 

^ Smillie: Jour. Amer. Med. Assn., 1943, i22:S6S. 

^ KoUe and Evers: Deut. med. Wchnschr., 1926, 52:1075. 
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and the secondary manifestations may be slight, and with their subsidence 
there is no clinical evidence of disease and the infection remains latent 
within the tissues. In other instances the latent condition develops after 
primary and secondary symptoms of usual severity. Such clinically latent 
infections may, perhaps, he regarded as the maintenance of a biological 
balance between the host and the parasite. Latent infections may, of 
course, develop clinical manifestations at a later time. 

Congenital Syphilis . — The fetus is readily infected in utero by spirochetes 
passing through the placenta. The infection may result in a cessation of 
development and abortion, or the fetus may go to term and be born dead. 
In those who survive, the disease is generalized from the beginning, and 
the lesions are those of tertiary syphilis. Spirochetes may be demonstrated 
in great numbers in the tissues and organs affected. Third generation 
syphilis has been reported but is very rare.^® 

Immunity. — At the present time syphilis is not so severe a disease in 
man as it was in the early sixteenth century. Whether this is an expression 



Fig. 188 . — Treponema pallidum in congenital syphilis; X 1000; Levaditi (Sobernheim, in 

KoUe and Wassermann). 

of an adaptive response on the part of man with the development of a low 
degree of natural immunity or a similar response on the part of the para- 
site manifested as a decrease in virulence, is not known; possibly both may 
have occurred. 

The specific immune response to syphilitic infection is not well under- 
stood. There is a marked apparent insusceptibility to reinfection that is 
illustrated by the fact that a second chancre may be produced by reinfec- 
tion prior to the appearance of the first chancre, but after the first chancre 
has appeared further reinfection does not produce an initial lesion. It is 
commonly stated that man, once infected, is refractory to reinfection and 
that reinfection occurs only very rarely. In other words, there is an infec- 
tion-immunity or immunity to superinfection superficially similar to that 
observed in tuberculosis. The refractory state may persist after ‘"cure,” 
but there is no assurance that the disease may be “cured” in the sense that 
the spirochete is completely eliminated from the tissues. 

Evidence obtained in animal experiments suggests that this immunity 
may be more apparent than real. It has been shown, for example, that 

45 See summary of reported instances by Maijala; Acta Med. Scand., 1940, 103:1. 
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spirochetes inoculated after the development of primary lesions gain 
access to the tissues even though they produce no new primary lesion. 
Whether a similar situation holds in man and the observed refractory 
state is only a “clinical immunity” or whether there is a genuine immune 
response is not clear. 

Serodiagnosis.^® — A type of antibody activity, attributed to the pres- 
ence of a substance designated reagin, is developed as a consequence of 
infection with T. pallidum which has great practical value since it allows 
the serological diagnosis of syphilis. A complement fixation test was pro- 
posed by Wassermann and his co- workers^ as an immunologically spe- 
cific reaction, using a watery extract of syphilitic fetus as the antigen. It 
was soon found, however, that syphilitic sera fix complement in the pres- 
ence of an extract of normal tissue.^^ Not long after the development of 
the Wassermann test it was observed that syphilitic sera produce a floc- 
culation when mixed with Wassermann antigen. The reacting substance 
present in the antigen preparations occurs in various tissues but heart 
(beef) muscle extracts are the most satisfactory. It is soluble in alcohol 
and insoluble in acetone, and its activity is considerably increased by the 
addition of cholesterol. 

Types of Tests . — Probably no serological reactions have been as inten- 
sively studied as the complement fixation and precipitation tests for 
syphilis, and the techniques have been modified and refined by many 
workers to increase sensitivity and specificity. At the present time two 
complement fixation tests, the Kolmer test and the Eagle complement 
fixation test, and four precipitation tests, the Kahn test, the Kline test, 
the Hinton test, and the Eagle precipitation test, are used.^^ Of these the 
most common are the Kolmer complement fixation and the Kahn pre- 
cipitation tests. Detailed studies have shown that all these tests agree 
quite well, disagreement being most common with treated cases. In addi- 
tion to these, more sensitive precipitation tests have been devised by Kahn 
and by Kline and are known as the Kahn presumptive test and the Kline 
exclusion test ; they are apt to give false positive reactions but are regarded 
by some workers as having considerable utility as screening tests. Further- 
more, the complement fixation test may also be quantitative, i.e., the 
reagin present in the syphilitic serum may be titrated. For ordinary diag- 
nosis this is unimportant since it is not known whether the reagin titer 
has any significance, but it is useful in following therapy and in the diag- 
nosis of congenital syphilis in infants. In the latter case reagin is passively 
transferred from the maternal circulation; if the infant is not infected 
the reagin titer drops slowly, but a gradually increasing titer is indicative 
of infection. The usual qualitative complement fixation or precipitation 
test is used in the so-called provocative test in which a suspected latent 

For a detailed and critical discussion see Modern Serologic Tests for Syphilis. Ven. 
Dis. Inform. SuppL No. 14, 1941. 

^7 Wassermann et al: Deut. med. Wchnschr., 1906, .?2:745; Ztschr. f. Hyg., 1907, 
55:451. 

•^8 Marie and Levaditi: Ann. Inst. Pasteur, 1907, St:138. 

Detailed instructions for the performance of these tests may be found in Ven. Dis. 
Inform., SuppL No. 11, 1940, 
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syphilitic infection in a serologically negative individual is activated by a 
small dose of an arsenical, the test being run at intervals thereafter for 
ten days or more. All these tests may be, and frequently are, done with 
spinal fluid in cases of infection of the central nervous system. 

The Effect of Therapy . — The majority of individuals undergoing therapy 
become serologically negative in time and this response is usually taken as 
an indication of the efficacy of the treatment. The time required to attain 
negativity is variable and depends upon the individual, the stage of the 
disease, the course of therapy, especially if continuous or intermittent, and 
the sensitivity of the serologic test used. No general statement of any pre- 
cision is possible, therefore, but it is usually said that the majority of per- 
sons with primary or early secondary syphilis become negative after one 
or two courses of arsenical or continuous treatment for five to seven weeks. 
Some, however, become negative with only one or two injections of drug, 
while others may remain positive for months and a certain proportion re- 
main positive indefinitely. The last is spoken of as Wassermann-fast, 
reagin-fast, or seroresistant syphilis. Slightly over 10 per cent of infections 
are in this group. Two explanations are usually offered for seroresistant 
syphilis, one that persistent foci of infection remain, and the other that 
the continued presence of reagin is evidence of a definite immune response. 

Specificity and False Reactions . — It will be apparent that the serological 
tests for syphilis are not immunologically specific. Their specificity is, 
rather, an empirical one based on a high degree of association. Basically, 
therefore, aberrant reactions or departures from the association are not 
truly false, only false from the point of view of syphilology. They are, 
nevertheless, of considerable practical importance. 

False negative reactions are in part a technical matter; serologic tests 
in general use give 80 to 90 per cent positive reactions with known sera 
and any test which gives more than 80 per cent positives is regarded as 
satisfactory. The presence of insufficient reagin accounts for many false 
negative reactions and occurs in several stages of the disease, especially 
in early primary syphilis (a positive reaction usually does not develop until 
two to three weeks after infection) and late syphilis which is latent or 
locahzed. Tabes, for example, gives about 40 per cent negative reactions. 

False positive reactions may be a result of technical error or may be 
biological in nature. A certain proportion of non-syphilitic individuals 
suffering from other infections give positive serologic tests for syphilis. 
AU cases of yaws are Wassermann-positive, of course, and it is reported 
that 4 to 10 per cent of cases of malaria are positive. Febrile disease of 
one sort or another occasionally produces isolated or repeated positive 
reactions. In general, however, false positive reactions do not occur with 
sufficient frequency to detract seriously from the diagnostic value of the 
serological tests. 

The nature of the response to infection with the spirochete that results 
in the appearance of reagin is not clear. Its lack of immunological speci- 
ficity would seem to rifle out the usual type of antibody response, and if it 
is to be regarded as such, the facile disappearance of reagin during therapy 
rather than seroresistant syphilis requires explanation. It is possible, of 
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course, that reagin represents iso-antibody that is detectable only bo- 
cause it is being produced more rapidly than it can be removed by union 
with antigen. Phenomena that are possibly analogous have been observed 
in other diseases. Hughes^^ has shown that there is a precipitin present 
in convalescent yellow fever serum which reacts with serum taken during 
the acute stage of the disease but not with yellow fever virus; the precipi- 
tinogen has been regarded by some as a “pathologic protein.” The ob- 
servation of Avery, Abernathy and McLeod^^ is similar but reversed as 
regards specificity; they found that a substance appeared in the blood of 
human beings and monkeys during the course of various etiologically un- 
related infections that specifically precipitated the somatic polysaccharide, 
or C substance, of pneumococci. In general, however, the diagnostic sero- 
logic tests for syphilis have contributed little to an understanding of im- 
munity to this disease. 

Pathogenicity for Lower Animals. — Syphilis may be transmitted to 
anthropoid apes, such as the chimpanzee and the gibbon, and, with less 
certainty, to monkeys. Scarification of the genitals or eyebrow results in 
the development of a primary chancre followed in a few weeks by the 
appearance of the lesions of secondary syphilis. Subcutaneous, intraperi- 
toneal or intravenous inoculation is ineffective. 

Rabbits may be infected by inoculation of the anterior chamber of the 
eye. The local wound heals, but in four to six weeks a pericorneal con- 
gestion develops which is followed by pannus and keratitis; then retro- 
gression and healing take place. The entire process may take many weeks 
to complete. Intratesticular inoculation produces an orchitis and intra- 
scrotal inoculation a primary chancre; generalized lesions characteristic 
of secondary syphilis follow. A generalized infection may be produced by 
the intravenous inoculation of very young rabbits. 

In rats and mice no symptoms follow inoculation but the spirochetes 
multiply in the tissues and the infection remains latent indefinitely. 
Guinea pigs react in much the same way, though a local reaction may 
develop following intracutaneous inoculation in the perineal fold. 

YAWS (TREPONEMA PERTENUE) AND BEJEL 

Two treponemiases, closely related to and perhaps varieties of syphilis, 
may be differentiated from it and from one another on the basis of geo- 
graphical distribution, method of transmission and certain clinical aspects 
of the disease. These are yaws or frambesia tropica and bejel or desert 
syphilis. 

Yaws. — Yaws is a disease occurring in tropical countries and is com- 
mon in Equatorial Africa, the tropical regions of the Far East though 
rare in India, the West Indies and tropical America. The causative agent 
is Treponema pertenue which was described by Gastellam®^ in 1905. 

The spirochete is found in the serous exudate of the cutaneous lesions 
and in the lymphatics. It may be demonstrated in Giemsa-stained smears 

Htighes: Jour. Immimol., 1933, 25:275. 

Avery, Abernathy and McLeod: Jour. Exp. Med., 1941, 75:173. 

Castellani: Brit. Med. Jour., 1905, ii:1280. 
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or by darkfield examination of fresh preparations, and is morphologically 
indistinguishable from T. pallidum. 

The disease in man is characterized by a papular eruption. A general 
malaise precedes the appearance of the initial lesion which is practically 
always extragenital and takes the form of a single papule or a small group 
of them. The papule enlarges to a diameter of 3 to 4 mm., the thickened 
epidermis cracks and the fungoid mass beneath exudes a seropurulent 
fluid. The mass enlarges to 3 to 5 cm. in diameter and the lesion is termed 
a yaw. It eventially dries, leaving only a scar. Six weeks to three months 
after the primary lesion appears, a secondary eruption occurs which is 
similarly preceded by a general malaise. The lesions are of the same general 



jFig. 189. — ^The world-wide distribution of yaws and bejel. Redrawn from map pro- 
pped by Army Medical Intelligence, 1943. Based on Goode Base Map No. 201M. By 
permission of the University of Chicago Press. 


character as the primary lesion, appearing on the extremities, neck and at 
the juncture of the skin and mucous membrane about the nose, mouth and 
anus. Tertiary lesions similar to those of syphilis are said to be rare, but 
recent work suggests that they may be more common than has been sup- 
posed. The Wassermann reaction is positive and in certain stages, as in 
late secondary eruption, differential diagnosis may be very difiicult.®^ 
Yaws may be produced by the inoculation of monkeys and rabbits. 
The infection in rabbits with T. pertenue is similar to that with T. palli- 
dum but relatively few spirochetes are found in the lesions, multiphcation 
is arrested early, and the inflammatory reaction is slight,®^ 

Cf. Turner, Saunders and Johnston: Report of the Jamaica Yaws Commission, 1932. 

Ferris and Turner: Arch. Path., 1938, 2^:491. 
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The disease is not venereal and occurs predominantly in children. The 
spirochete is unable to penetrate the intact skin and enters via abrasions 
after deposition either by contact or by insects. Kumm^® has found that 
in Jamaica the small fly, Hippelates pallipes, feeds upon the serous exu- 
date in huge numbers, the spirochete surviving for some hours in the 
diverticulum of the fly and possibly being regurgitated when the fly feeds 
upon a skin abrasion. 

The relationship of yaws to syphilis is very close, the points of difference 
being the non-venereal transmission of yaws, the differences between the 
yaw and the indurated hunterian chancre, and the relative infrequency 
of visceral and tertiary lesions. Yaws is regarded by many as a tropical 
type of syphilis, modified by continuous residence in the black races in 
tropical climates.^^* 

Bejel. — A disease of desert Arabs,, called by them bejel, has been re- 
ported by Hudson.®’’ Like yaws it is non-venereal and occurs predomi- 
nantly in children. It differs from yaws, however, in that mucous patches 
in the mouth occur with considerable frequency while they are uncommon 
in yaws. Nervous manifestations are said to be rare but Hoff and Shaby®^ 
have reported that meningovascular syphilis occurs with some frequency 
in Bedouin Arabs, if this may be called bejel. The disease has not been 
studied at length but appears to be very closely related to, if not identical 
with, syphilis, differing only in its non-venereal transmission. Butler®^ re- 
gards it as congenital syphilis. In this connection it is of interest that an 
outbreak of non-venereal syphilis in children and adult women, perhaps 
bejel, has been reported in India. 

PINTA (TREPONEMA HERREJONI)«i 

Pinta, known in Mexico as mal de pinto and in Colombia as car ate, is 
clinically a skin disease in which dyschromic changes occur in patches which 
may be discrete and small or large and confluent, and of a grey, bluish 
grey, or pinkish color and eventually white. It is especially prevalent in 
Mexico where 11 per cent of over two million persons examined had the 
disease, and in Colombia where as much as 4 per cent of the population 
in some districts are affected. It also occurs in Cuba and the West Indian 
Islands, and in Central America and tropical South America. So far as is 
known it is confined to the Western Hemisphere. 

Etiology. — For many years this disease has been of uncertain etiology 
though generally assiuned to be a fungus infection. It was suggested by 
Herrefon in 1927 that the disease is caused by a spirochete but it was 
not until 1938 that a spirochete was first demonstrated by Armenteros 

Kiirom : Report of the Jamaica Yaws Commission, 1935. 

See Chambers: Trans. Roy. Soc. 'trop. Med. Hyg., 1937, 5f:245; Turner: Amer. 
Jour. Hyg., 1937, 25:477. 

5^ Hudson: Arch. Dermat. Syph., 1936, J5:994; Amer. Jour- Trop. Med., 1938, i8:67S. 

Hoff and Shaby: Trans- Roy. Soc. Trop. Med. Hyg., 1940, 33:54>9. 

Butler: Amer. Jour. Clin. Path., 1939, 9:1. 

Iswariah and Nair: Jour. Indian Med. Assn., 1938, 7:651. 

Recent literature has been summarized by Holcomb: U. S. Naval Med. Bull., 1942, 
49:517. 
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and Triana in Cuba. The observation has been amply confirmed and it is 
now established that pinta is caused by a spirochete which has been named 
Treponema herrejoni by the Cuban workers and T. carateum by Brumpt. 

The spirochete may be found in material taken from early cutaneous 
lesions and in that aspirated from lymph glands. It stains with Giemsa 
and by the usual silver impregnation methods used for T. pallidum, and 
may be found by darkfield examination of fresh material. Morphologi- 
cally it is very similar to, perhaps indistinguishable from, the spirochete 
of syphilis. Attempts to cultivate it have failed, but it has been recently 
reported that the rabhit may be infected. The experimental disease has 
been studied in considerable detail, however, especially by Leon y Blanco 
in human voluntejers. 

The Disease in Man. — In the experimental infection the incubation 
period is from seven to twenty days, the initial lesion being a papule 
which appears at the site of inoculation. This papule spreads peripherally 
to form a squamous, erythematous patch reaching a diameter of 1 cm. 
in four or five weeks. It continues to spread, varying considerably in ap- 
pearance, and may be Hchenoid or psoriaform. Blanco regards this as the 
primary stage. In about five months the secondary stage begins with the 
appearance of secondary lesions about the initial lesion and elsewhere on 
the body. Progressive hyperpigmentation occurs and depigmentation, 
resulting in varied hues, follows in the third stage; keratosis and super- 
ficial atrophoderma become apparent. Hyperkeratosis on the plantar sur- 
faces occurs with some frequency in Cuba but is seldom observed in 
Mexico. The Wassermann reaction is almost always negative in the pri- 
mary stage, positive in something over half the cases in the secondary stage, 
and practically always positive in the tertiary stage. Correspondingly, 
superinfection is readily produced in the first stage but not in the third 
stage. Syphilitic individuals may be infected without difficulty. 

Transroission. — Experimental human infections have shown that ser- 
ous fluid from the early lesion is highly infectious when placed on an abraded 
area on the skin, and the spirochete may be demonstrated in the discharge 
from the fissures in plantar hyperkeratosis. Contact infection woxild, there- 
fore, appear to be possible but general opinion is that it is not an important 
method of spread. Simulium flies have been suspected of transmitting 
the disease, but as yet an insect vector has not been demonstrated. 

OTHER TREPONEMAS 

A number of other species of Treponema are known. T. refringens is 
found about the genitals and may be confused, with the spirochete of 
syphilis. Others, T. microdentium, T. ntacrodentium and T. mucosum, are 
found in the mouth and apparently are non-pathogenic. A saprophytic 
water form, T. elusum, has been described. 

Another species, T. cuniculi, is morphologically very similar to T. pal- 
lidum and is responsible for a venereal disease of rabbits known as rabbit 
syphilis and sometimes called pallidoidosis. The lesions are small, scaly 
patches found about the perineal region or on the genitals. 



692 The Spirochetes 

LEPTOSPIRA 

(Weil’s Disease or Infectious Jaundice; Swamp Fever; Japanese Seven -Day 

Fever) 

Leptospirosis, or infection with leptospira, is a not uncommon and widely 
distributed affection. Several species of leptospira are involved and the 
infections differ somewhat in their clinical manifestations. 

Morphology. — The leptospiras differ from Treponema and Borrelia 
species in that their spirals are very fine and close, one or both ends of the 
cell may be hooked, and the individual cells are smaller, not more than 
0.3 jLt in breadth and generally 6 to 10 m in length, although exceptionally 
forms as long as 25 to 30 ix may be observed. The protoplasm is spirally 
wound about a delicate but firm, elastic, smooth axial filament. Extruding 
granules, found in T. pallidum, are not present even in electron micro- 
graphs.®^ Like the finer bacterial flagella, the axial filament is not seen in 
the darkfield or ordinary stained preparations but may be demonstrated 
by silver impregnation flagella stains. The periplast is thick and almost 
transparent and appe6u*s in the darkfield as a narrow, clear zone or halo 
and in certain stained preparations as a grayish or unstained halo. The 
mechanism of locomotion is more complex than in the treponemas; the 
hooked ends of the axial filament are probably involved, and when the 
bow-like axial filament is alternately straightened and relaxed by rhythmic 
contractions of the protoplasmic spirals the cell rotates. 

The leptospiras are readily filterable through Berkefeld V and N candles 
because of their small breadth and active motility, and filtration is some- 
times used to separate them from bacteria. Treponemas are usually not 
filterable by ordinary suction methods but grow through the pores of 
Berkfeld candles with some facility. 

Cultivation. — The leptospiras are the most readily cultivable of the 
spirochetes and may be grown on serum diluted with 5 or 10 parts of 
Ringer or Locke solution. Growth is considerably better in a semisolid 
medium and Noguchi^ has used a mixture of 1 part of 2 per cent nutrient 
agar, 1 part of rabbit serum and 8 parts of physiological salt solution. They 
have not been cultivated in synthetic media but Rosenfeld and Greene®® 
have found that nicotinic acid and amide, thiamin, and riboflavin markedly 
stimulate growth. In the isolation of leptospira from water, agar medium 
and blood may be added to Berkefeld V and N filtrates.®^ According to 
Schiiffner®® the guinea pig may be used as a “living filter” ; if leptospira 
contaminated with other bacteria are inoculated intraperitoneally, they 
enter the circulation much more rapidly than the contaminants and may 
be found in heart’s blood in pure culture ten minutes after inoculation. 
The leptospiras are all obligate aerobes. Those tested do not ferment 
sugars and are indifferent to the presence of carbohydrates in the medium 

Pathogenicity. — The spirochetes grouped in the genus Leptospira are 
immunologically related but distinguished from one another by aggluti 

“ Morton and Anderson: Jour. Bact., 1943, 4:5:143. 

Rosenfeld and Greene: Jour. Bact., 1941, 42:165. 

^ Cf. Bauer: Anaer. Jour. Trop. Med., 1927, 7:171. 

« Schiiffner: Centralbl. f. Bakt., I Abt., Orig., 1940, 145:341. 
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nation. Unlike Borrelia, they are not predominantly blood parasites but are 
also found in the tissues, especially the kidney, and are commonly excreted 
in the urine. The infections they produce in man are all similar and charac- 
terized by a febrile reaction and the occurrence of jaundice to a greater or 
lesser extent. Of these Weil’s disease or infectious jaundice is perhaps the 
best known since it has occurred in Europe for many years. A related in- 
fection is found in Central and Eastern Europe and in Italy, and still 
others occur in the South Pacific region, in the East Indies and Australia, 
and also in Japan. These diseases have been reviewed by Walch-Sorgdrager®® 
and are summarized in the accompanying table. The reservoir of infection 
is rodents, especially rats and various kinds of mice, and more recently 
the dog has been found to be of some importance. Human infection is 
probably almost always acquired from animals, usually by the contamina- 
tion of water with infected urine. 

Weil’s Disease (Infectious Jaundice).^’' — The causative agent of 
Weil’s disease, Leptospira icier ohemorrhagiae, was discovered in 1914 by 
Inada and Ito®® in Japan and was found in Germany the following year by 
Hiibener and Reiter®^ and by Uhlenhuth and Fromme."^® It was called 
Spirochaeta icterogenes by the German workers. The disease has been found 
all over the world; it is very common in Japan, less so in Europe where 
the greatest incidence is in the Netherlands and France, and is not un- 
common in South America. It is probably not so rare in the United States 
as has been supposed. 

Disease in Man. — The incubation period is six to twelve days, and the 
high initial fever is followed by nausea and vomiting, epis taxis, headache 
and muscular pains, and there may be a moderately severe bronchitis. 
Jaundice is not always observed; it occurred in 40 to 60 per cent of the 
Dutch cases. Convalescence is slow and weakness may persist for months. 

The leptospira are distributed throughout the body in the first week of 
illness and may be demonstrated in the blood by guinea-pig inoculation 
but rarely in blood smears. After the first week they are present in the 
urine and may continue to be so excreted for four to five weeks. There is 
some evidence that the case fatality is reduced by treatment with anti- 
serum. In fatal cases death usually occurs during the second or third week, 
but occasionally as early as the end of the first week. The case fatality is 
variable; it has varied from 4.6 to 32 per cent in Japan and has been about 
10 per cent in the Dutch cases and as high as 25 per cent in Scotland- At 
autopsy the leptospira are found in almost all the organs and tissues in 
those dying during the initial febrile stage, but if death occurs in the second 
week or later, they are rarely found elsewhere than in the kidneys. 

Immunity. — Recovery from the disease is accompanied by the develop- 

Walch-Sorgdrager: Bull. Health Organization (League of Nations), 1939, 5:143. 

The literature to 1941 has been reviewed by Ashe, Pratt-Thomas and Kumpe: 
Medicine, 1941, 29:145. 

Cf. Inada et aL: Jour. Exp. Med., 1916, 23:^11. 

Hiibener and Reiter: Deut. med. Woch., 1915, 4f:1275. 

^“Uhlenhuth and Fromme: Med. Klin., 1915, 14:1202. 

See, for example, the experience recorded by Bruno, Wilen and Snavely: Jour. 
Amer. Med. Assn., 1943, 125:519, 
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ment of a solid immunity, and a specific lysin is present in the blood which 
persists in detectable amounts for several years. Agglutinins appear in the 
convalescent stage, sometimes to very high titer such as 1 ;100,000, but titers 
of 1:100 are significant. The agglutination test has considerable diagnostic 
utility in both man and animals.^® Prophylactic inoculation has given en- 
couraging results. 

Transmission. — The wild rat is the most important animal reservoir of 
infection and SchiifFner^^ has reported that 40 per cent of tame rats raised 
for experimental purposes have been found to be infected in Holland. The 
infection may be detected by darkfield examination of urine and kidney 
emulsion, and preferably by the inoculation of young guinea pigs with 
kidney emulsion. Larson^® has found that a fatal infection may be pro- 
duced in young mice, three to four weeks old. 

The proportion of infected rats is variable from one locality to another ; 
in New York about 4 per cent of the rats have been found to be infected, 
in Japan 40 per cent, in England 30 per cent, in Rotterdam 7 to 40 per 
cent and in Philadelphia about 10 per cent. The leptospira are discharged 
in the urine of infected rats and are transmitted to man via stagnant water 
contaminated with rat urine. Weil’s disease is to some extent an occupa- 
tional disease and occurs in coal miners, sewer workers and others working 
in contact with contaminated water. In the first World War there were 
many cases in troops stationed in trenches containing stagnant water. 
The majority of the Dutch cases have been in swimmers, bargemen and 
fishermen and those who by accident or intent fall into the canals. In 
one instance a water-borne epidemic occurred in which the water was 
presumably contaminated by rats from a neighboring sewer. The manner 
in which the spirochetes enter the body is not known, but very possibly it 
is through minute cuts and abrasions in the skin or via the alimentary tract. 

Canine Leptospirosis. — The rdle of dogs in the transmission of in- 
fectious jaundice has been of considerable interest in recent years. Dogs 
suffer from two forms of leptospirosis, the one an acute jaundice (“y^U^ws”) 
similar to acute Weil’s disease in man, and the other a non-jaundice type 
known as Stuttgart disease or canine typhus. Lept. icterohemorrhagiae 
may infect dogs and probably is responsible for the former type of disease, 
while a canine leptospira, Lept canicola, produces the latter form. The 
relative incidence of the two infections in dogs is not known with certainty; 
some have suggested that as high as 50 per cent of canine leptospiroses 
are icterhemorrhagiae infections. Lept. canicola infection in dogs appears 
to be relatively common in the United States. Raven^® found 38 per cent 
of rural dogs and 28 per cent of urban dogs examined in Pennsylvania 

See, for example, Packchanian and Nylah: Jour. Immunol., 1943, ^6:263. 

For the development of a macroscopic test see Starbuck and Ward: Jour. Inf. Dis., 
1942, 70:88. 

74 Schiiffner: Ztschr. f. Immunitatsf., 1941, 99:323. 

7* Larson: Pub. Health Repts., 1941, 50:1546; ibid., 1943, 58:10. 

7® The epidemiologv of leptospirosis is discussed by Molner and Kasper: Amer. Jour. 
Pub. Health, 1941, 31:94^3. 

77 Jorge: Bull. Off. Int. Hyg. Pub., 1932, 24:88. 

78 Raven: Jour. Inf. Dis., 1941, 00:131. 
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showed serological evidence of infection; and Greene^® found about 20 per 
cent of dogs selected at random and 29 per cent of dogs from hospitals in 
California showed the presence of antibody. Man may acquire Weil’s 
disease from dogs and a number of human infections with LepL canicola 
have been reported since 1934 in the Netherlands and more recently from 
this country. 

Another species of leptospira, Lept. sejroe, has been described as the cause 
of human infection in Denmark®® and in Italy. The cases showed milder 
symptoms than those infected with Lept. icterohemorrhagiae. 

Swamp Fever. — A leptospiral infection prevalent during the summer 
and early autumn months in Bavaria, Silesia and in the Volga region is 
variously known as swamp fever, Schlammfieher, autumn fever, water fever, 
field fever, harvest fever, mud fever and slime fever. It has also been reported 
from Holland.®^ It is found among field workers following floods or in swampy 
districts particularly during the hay harvest. Clinically it closely resembles 
Weil’s disease in a mild form — the case fatality is less than 1 per cent — 
but there is no jaundice except occasionally in the sclera. The causative 
microorganism, Lept. grippo-typhosa (Spirochaeta grippo-lyphosa), is immu- 
nologically distinct from Lept icterohemorrhagiae. The reservoir of infection 
is the field mouse, Microtus arvalis; the wood mouse, Apodemus sylvaticus, 
and the bank-vole, Evotomys glareolus, are less often infected. This disease 
has been of particular interest in recent years and has been reviewed by a 
number of workers.®^ A very similar disease is found in the rice fields in 
Italy but the etiology appears to be diverse in that a number of species 
of leptospira have been found, in many instances apparently identical 
with those found in the Far East.®® 

Leptospira Infections of the Far East. — A number of leptospira 
infections occur in the Far East similar to swamp fever in that they are 
febrile, jaundice is rare except in the sclera, and the case fatality rate is 
low. Japanese seven-day fever, or nanukayami, is prevalent in Japan in 
the autumn. The causative agent is Lept. hebdomadis and is carried by the 
field mouse, Microtus montebelli. A common sequal to the infection is opaci- 
fication of the vitreous humor. Hasami fever is a similar disease also prev- 
alent in Japan and caused by Lept. autumnalis {Lept. Akiyami A). The 
reservoir of infection is the mouse Apodemus speciosus and possibly other 
species of field mice and rats are infected. 

Leptospirosis of heterogeneous etiology is not uncommon in the Nether- 
lands East Indies. The disease occurring in Sumatra known as Rachmat 
infection is caused by LepL autumnalis and is presumably identical with 
Hasami fever in Japan. Other infections are known by various names, 
including Andaman A fever, Salinem infection and the like. The causative 
organism of Andaman fever appears to be Lept. grippo-typhosa. The name 
Greene: Amer. Jour. Hyg., Sec. B, 1941, 3^:87. 

^^Cf. Petersen and Christensen: Compt. Rend. Soc. BioL, 1939, i30:\S07. 

Schuffner and Bohlander: Centralbl. f. Bakt., I Abt., Orig., 1942, i^8:264i. 

82 Kathe: Med. Klin., 1941, 37:892; Klin. Woch., 1942, 2^:791; Ztschr. f. Immunitatsf., 
1943, i03:60; XJhlenhuth: Ztschr. f. Immunitatsf., 1943, i03:8S; Schuffner: Klin. Woch., 
1942, 21:787. 

^Cf. Mino: Muench. Med. Woch., 1941, ^^.*96; Klin. Woch., 1942, 21:387. 
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pyrogenes has been given the causal agent of Sahnem fever. The re- 
mainder of the leptospiroses appear to be largely infections with LepL 
hataviae which is found in natural infections in rats, including Rattus 
norvegicus and R. decumanus (in Japan), and in field mice including Apo- 
demus sylvaticus, Micromys minutus and jVL soricinus. 

Mild fevers of leptospiral etiolog>^ are endemic in Queensland in Aus- 
tralia, and a number of immunologically distinct varieties of leptospira 
have been isolated. That designated Lepi. pomona is the causative agent 
of the affection kno\\Ti as Pomona fever, and other species named Lepif. aus- 
tralis A and LepL australis B are responsible for febrile disease designated 
Mossman fever, coastal fever and the like. Additional varieties have also 
been reported but it is not as yet clear that they are distinct species. 

Geographical separation of the leptospiroses is not altogether sound for 
at least some of these microorganisms occm in widely separated regions. 
Thus LepL grippo-typhosa is found in the Netherlands East Indies and 
LepL hataviae and Lept. pomona have been reported as the etiologic agents 
of swamp fever in Italy. There is as yet no evidence that leptospira other 
than LepL icier ohemorrhagiae and LepL canicola occur in the United States. 

Saprophytic Leptospira. — Leptospira closely resembling Lept. ictero- 
hemorrhagiae have been isolated from water by a number of workers. These 
non-pathogenic forms have been termed LepL hiflexa in this country and 
in England, and Spirochaeta pseudoicterogenes by the German workers. 
Their relation to the pathogenic leptospira is uncertain; Uhlenhuth and 
Zuelzer^^ have reported observations which suggested that the water lepto- 
spira are avirulent forms of LepL icterohemorrhagiae whose virulence may 
be restored by animal passage. These results have not been confirmed by 
other workers. 

RAT-BITE FEVER (SPIRILLUM MORSUS MURIS) 

There are two distinct kinds of disease which may follow the. bite of 
rats and are designated rat-bite fever. One, an actinomycete infection, 
is discussed elsewhere (p. 614). The other, known in Japan as sodoku, is 
caused by a spiral microorganism discovered by Futaki and his co-workers®® 
in 1916. Following the bite of an infected rat, the original wound heals 
but, after an incubation period of ten to twenty-two days, becomes in- 
flamed and painful. Fever, swelling of the lymph glands, skin eruptions 
and other symptoms occur. The fever is of the relapsing type, with parox- 
ysms at fairly regular intervals, usually about once a week, which con- 
tinue for one to three months or longer. The case fatality varies from 2 
to 10 per cent. 

The characteristic spiral microorganism has been found in the swollen 
local lesions of the skin and the enlarged lymph glands and also in two 
instances in the circulating blood. Guinea pigs and mice may be infected 
by the inoculation of blood or fluid expressed from the local lesions. The 
microorganism is found in about 3 per cent of the house rats in Japan. 
The rat is not the only vector of the infection, for cases of what is apparently 

^ Uhlenhuth and Zuelzer: Klin. Wchnschr., 1922, f;2124. 

86 FutaM, Takaki, Taniguchi and Osumi: Jour. Exp. Med., 1916, 25:249. 



698 The Spirochetes 

the same disease have been traced to the bite of the cat, dog, pig, ferret, 
squirrel and weasel. Ripley and Van Sant^® have reported the case of a 
medical student who acquired the infection from a cut during an operation 
on a dog. 

The disease has long been known in Japan and has been reported from 
many localities all over the world. Brown and Nunemaker®^ have found a 
total of 125 cases reported in the United States from 1916 to the end of 
1940. What proportion of the earlier reported cases were actinomycete 
infections is, of course, problematical. Of 40 cases reported in 198H940, 
the spirillum was demonstrated by animal inoculation in 17; of these 11 
resulted from rat bite and the remainder had a history of mouse bite, 
cat bite or scratch, contact with dogs, or trauma without known animal 
contact. The natural occurrence of spirochetes in laboratory mice, rats 
and guinea pigs is a source of error to be guarded against in laboratory diag- 
nosis by animal inoculation. There is little doubt that the affection is 



Fig, 190 . — Spirillum morsus muris in blood of an inoculated mouse (Van Sant). 

much more common than appears from the records, for the cases occur 
sporadically and their true nature has often gone unrecognized. The in- 
fection has been produced in man by artificial inoculation for the treatment 
of paresis; according to Brown and Nunemaker^^ there’ are 104 such cases 
in the English literature. 

Not a great deal is known of the immune response to the infection other 
than that a spirillicidal antibody is produced that is also responsible for 
immobilization of the spirilla in immune serum. Savoor and Lewthwaite®^ 
have observed that a positive Weil-Felix reaction of the OXK type (p. 766) 
is produced in experimental animals but the antigen shared with these 
strains of Proteus is distinct from that which is responsible for the spiril- 
licidal antibody. 

The spiral microorganism of rat-bite fever has been variously classified 
as Spirochaeta morsus muris, Borrelia muris, Spirillum minus, etc. It is 

Ripley and Van Sant: Jour. Amer. Med. Assn., 1934, i02:1917. 

Brown and Nunemaker: Bull. Johns Hopkins Hosp., 1942, 79.-201. 

88 Savoor and Lewthwaite: Brit. Jour. Exp. Path,, 1941, 22:274. 
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shorter — 2 to 5 ^ hi length — than the recognized spirochetes, is relatively 
rigid and possesses polar tufts of flagella which give it a rapid darting 
motion unlike the flexible undulating movements of the spirochetes. The 
chnical symptoms of the disease are typical of spirochetosis, however, and 
the arsenicals are effective therapeutic agents. Originally given the name 
Spirochaeta, this microorganism was found®^ to be identical with Spirillum 
minus fotmd by Carter®^ in the blood of a rat in India. It is, perhaps, 
best given the independent generic name Spirillwn^^ and considered with 
the spirochetes. 

Robertson: Ann. Trop. Med. and Parasit., 1930, 24.*367. 

Cited by Robertson. 

Dubosq and Lebailly: Gompt. Rend. Acad. Sci,, 1912, :f54-*535. 
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MEDICAL PARASITOLOGY 
By Richard J. Porter, Ph.D.* 

Medical parasitology concerns those organisms parasitic in or on man 
which belong to the animal kingdom. The most important species belong 
to four phyla of animals, the Protozoa, or single-celled animals, the Platy- 
helminthes, or flat worms, the Nemathelminthes, or round worms, and the 
Arthropoda. The arthropoda, which include Crustacea, insects, mites, 
spiders, scorpions, etc., are of medical importance primarily as agents of 
disease transmission and are therefore considered here only insofar as 
they affect the epidemiology of infections caused by other agents. 

Animal parasite infections act fundamentally like infections with other 
agents. For several reasons, however, the general methods of study differ 
from those utilized for other infectious organisms. The larger size of animal 
parasites and their greater visible complexity of structure make morphology 
a particularly valuable tool in identification. This is especially important 
because few can be readily cultivated, and physiological bases for their rec- 
ognition are therefore not generally available. The life-cycles of these or- 
ganisms are in some cases exceedingly complex, and the elaboration of the 
complete reproductive histories of many animal parasites has dominated 
their study. These considerations have obscured the fundamental similar- 
ities between infections with animal and plant parasites, and it should be 
emphasized that differences between some diseases caused by animal para- 
sites, such as amebic dysentery and schistosomiasis, are far greater than 
their differences from bacterial infections. Because of this great variety 
among animal parasites, the discussion in the following pages is centered, 
wherever possible, about representative organisms. It should be borne in 
mind that many important species will thereby receive less space than they 
deserve. For fuller discussions of these parasites the reader is referred to 
the standard texts of parasitology.^ 

* Assistant Professor of Protozoology, School of Public Health, University of Michigan. 

^ Hegner, Root, Augustine and Huff: Parasitology. D. Appleton-Century Co. New 
York. 1938; Craig and Faust: Clinical Parasitology. Lea & Febiger. Philadelphia- 1943; 
Belding: Clinical Parasitology. D. Appleton-Century Co. New York. 1942; Huff: Manual 
of Medical Parasitology. University of Chicago Press. Chicago. 1943; Chandler: Intro- 
duction to Parasitology. John Wiley & Sons. New York. 1940; Taliaferro: Immunology of 
Parasitic Infections. D. Appleton-Century Co. New York. 1929; Culbertson: Immunity 
Against Animal Parasites. Columbia University Press. New York. 1941. Clinical texts 
containing much valuable material are Strong: Stitfs Diagnosis y Prevention and Treatment 
of Tropical Diseases. The Blakiston Co. Philadelphia. 1944; and Mackie, et at.: Manual 
of Tropical Medicine. W. B. Saunders Co. Philadelphia. 1945. 
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THE PROTOZOA 

The Protozoa are animals which carry on all the functions of life in a 
single cell. They are generally considered analogous to the individual cells 
cornposing the higher animals or Metazoa, though they are often capable 
of independent existence under a wider variety of conditions than are 
metazoan cells. Many thousand species of protozoa have been described, 
though less than thirty well-defined species are known to parasitize man. 
They constitute an exceedingly heterogeneous group of organisms, varying 
in size from that of the larger bacteria to several centimeters in diameter, 
in complexity of structure from a simple, formless cell like Endamoeha 
histolytica to forms of far greater intricacy than many metazoa, and in 
life-cycle from the simple binary fission of Trichomonas vaginalis to the 
alternation of hosts and of asexual and sexual reproduction exhibited by 
the malarial parasites. The following classification, adapted from Wenyon, 
suggests the diversity of this group : 

Sub-phylum Plasmodroma. IVIovement by thin whip-like filaments called flagella, or by 
temporary protoplasmic extrusions, pseudopodia. 

Class Bhizopoda, Movement entirely or predominantly by pseudopodia. Elx.: End- 
amoeba histolytica of human dysentery. 

Class Mastigophora, Movement at least predominantly by flagella. Ex. : Trypanosoma 
gamhiense of African sleeping sickness. 

Class Cnidosporidia. These produce characteristic spores provided with extrusible 
filaments. All are parasitic in invertebrates. Ex.: Nosema bombycis, agent of P6brine 
disease of silkworms, celebrated by the researches of Pasteur. 

Class Sporozoa. Reproduction typically by multiple fission (schizogony) alternating 
with sexual reproduction (sporogony) which gives rise to sporozoites, the infective 
stage. Alternation of hosts is common. All are parasitic. Ex. : Plasmodium species of 
human malaria. 

Sub-phylum Ciliophora. Movement by numerous short fine protoplasmic processes, cilia. 
Most have two types of nuclei. Ex.: Balantidium coli of human dysentery. 

Two groups of organisms parasitic in man have not been satisfactorily 
classified — Toxoplasma and Sarcocystis. 

For material supplementing that presented in the following pages, the 
reader is referred to the textbooks of protozoology.® 

THE INTESTINAX AMEBAE (RHIZOPODA) 

Endamoeha Histolytica.^ — ^Lewis^ in 1870 and Cunningham® in 1871 
first reported amebae, probably the non-pathogenic Endamoeha coli, in 
human feces. Losch® in 1875 described what were probably E. histolytica 
in the stools and intestinal ulcers of a fatal case of dysentery. He found 

2 Wenyon: Protozoology. Williams & Wilkins Company. Baltimore. 1926; Hegner and 
Taliaferro: Human Protozoology. The Macmillan Co. New York. 1924; Thomson and 
Robertson: Protozoology. Williams & Wilkins Company. Baltimore. 1929; Craig: Labo- 
ratory Diagnosis of Protozoan Diseases. Lea & Fehiger. Philadelphia. 1942, 

3 A valuable comprehensive book is Craig: Etiology, Diagnosis and Treatment of 
Amebiasis. Williams & Wilkins Co. Baltimore. 1944. 

^ Lewis; Appendix to Ann. Kept, of Sanitary Com m issioner with Govt, of India, 
Calcutta, 1870. 

3 Cunningham; Ann. Rept. of Saniteoy Commissioner with Govt, of India. Calcutta, 
1871, pp. 141-243. 

® Losch: Arch. path. Anat., 1875, 65:196. 
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similar ulcers containing the amebae in an artificially infected dog. They 
were first observed in liver abscesses by Koch^ in 1883, and Kruse and 
Pasquale^ in 1894 demonstrated their etiological r61e by producing typical 
dysentery in cats inoculated rectally with amebae in the bacteriologically 
sterile pus from a liver abscess. 

Characteristics and Life-Cycle, — ^The active ameba as seen in the intes- 
tinal ulcers of dysentery cases is a granular, colorless or pale greenish 
mass of cytoplasm, 15 to 50 (usually 20 to 30) jjl in diameter. It has no 
definite shape. Locomotion is accomplished by the sudden extrusion of 
clear projections of cytoplasm, the pseudopodia, the remainder of the cell 
body following these pseudopodia in a flowing motion. The granular cyto- 
plasm often contains red blood cells or debris of tissue cells in various 
stages of digestion. These are the food engulfed by the ameba. The nucleus 
may be visible as a delicate ring of granules. Reproduction in this stage 
is by binary fission, the nucleus undergoing.a type of mitosis and the cyto- 
plasm then dividing to produce two daughter amebae like the original. 
In organisms fixed and stained with hematoxylin the nuclear structure is 
characteristic, consisting of a thin peripheral layer of fine black granules 
and a central small black dot, the karyosome (Fig. 191) : The entire nucleus 
is generally 4 to 5 ^ in .diameter. In the lumen of the intestine of a carrier 
the ameba loses its ingested food particles, shrinks to a diameter of 6 to 
20 At, rounds up and becomes essentially non-motile, sending out only an 
occasional pseudopodium. This is the precystic stage, which soon secretes 
about itself a clear wall, becoming the partially resistaiit cyst In its pas- 
sage down the intestine the cyst continues to develop, acquiring a vacuole 
of glycogen and one or more ovoid rods of black-staining material, the 
chromatoid bodies. The nucleus divides into two and then four, all resem- 
bling the nucleus of the active ameboid stage though considerably smaller. 
In the mature cyst the glycogen vacuole soon disappears, and the chroma- 
toid bodies persist at most for a few days. 

The cyst is the infective stage, since it alone can pass through the 
stomach without destruction. As studied in culture its excystment con- 
sists of the emergence of a four-nucleate organism which by a complicated 
division process produces eight small amebae. These presumably are the 
stages which enter the tissues of the intestinal wall to initiate a new in- 
fection. 

Barret and Smith® cultivated a parasitic ameba of turtles in a mixture 
of serum and physiological saline solution. The first culture of E, histoly- 
tica was performed by Boeck and Drbohlav^® in equal parts of inactivated 
human serum and Locke’s solution tubed over egg slants. Later modifi- 
cations have substituted other types of serum, Ringer’s solution or physio- 
logical saline, and other slant media. Slants may be omitted for short- 
term cultivation.^^ Pure cultures of E, histolytica have not been obtained, 

’ Koch and Gaffky: Arb. a. d. kaiserl. Gesundh., 1887, 5:1. 

* Kruse and Pascjuale: Ztschr. f. Hyg., 1894, i6:l, 

« Barret and Smith: Amer. Jour. Hyg., 1923, 5:205; 1924, 4:155. 

Boeck and Drbohlav: Proc. Nat. Acad. ScL, 1925, 2:235; Amer. Jour. Hyg., 1925, 
5:371. 

Craig: Laboratory Diagnosis of Protozoan Diseases. 
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the amebae growing only in the presence of bacteria. Unlike the amebae 
in their normal habitat, they ingest bacteria, yeasts and starch grains. 
Cysts are formed in certain media containing added rice starch. Some re- 



Fig. 191- — The amebae living in man. A. Active ameboid form oi JSndamoeba histolytica 
containing three red blood cells. Mature quadrinucleate cyst of the same containing 
two chromatoids. C, Active ameboid form of Endamoeha gingivalis. D, Active ameboid 
form of lodamoeba williamsi containing many intestined bacteria. Cyst of same showing 
large double vacuole which in life was jSUed with glycogen. F, Ameboid form of Dient- 
amoeba fragilis containing two nuclei. G, Large active ameboid form of Endamoeha coli 
containing intestinal bacteria and debris. H, Mature octonucleate cyst of same. /, 
Ameboid form of Endolimax nana. J, Mature qpiadrinucleate cyst of same. A, C, G, 
and H X about 1300 (Dobell). Z), E, F, and J X 3000 (Taliaferro and Becker). / X 3000 
(Taliaferro in Hegner and Taliaferro’s Human Protozoology, courtesy of The Macmillan 
Company). 

semble those formed natxirally in the intestine, but others are abnormal, 
containing as many as thirty nuclei. 

Amebiasis and Amebic Dysentery , — ^The amebae normally inhabit the 
mucosa and submucosa of the large intestine. By means of enzymes 
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and mechanical action they digest the tissues to produce minute necrotic 
lesions of the mucosa, which may enlarge into more or less extensive under- 
mined ulcers in the submucosa. The abundance and severity of the lesions 
determine the clinical picture. Clinical cases range from moderate diarrhea 
to acute dysentery with passage of blood and mucus, extreme weakness 
and, not infrequently, death. A varying proportion, probably between 
20 and 50 per cent, of individuals with amebic dysentery shows necrotic 
abscesses of the liver. These also occur occasionally in individuals who 
have never had intestinal symptoms of infection. Lung abscesses, often 
produced by extension from the liver through the diaphragm, ocicur in a 
small number of individuals, and abscesses have been reported rarely in 
practically every organ of the body. 

The great majority of infected individuals are carriers exhibiting no 
symptoms. While the possibility exists, though the evidence is still incon- 
clusive, that there are strains oiE. histolytica differing in virule*ice, it was 
shown by Walker and Sellards^^ that a strain which produces acute dysen- 
tery in some individuals may give rise to the symptomless carrier condi- 
tion in others. This has generally been attributed to differences in natural 
resistance of infected individuals, but recent evidence suggests that asso- 
ciated bacteria significantly influence the severity of the amebic lesions.^^ 
While the factors in virulence of the infection are unknown, it is clear that 
the relationship between E. histolytica and its host is exceedingly complex. 

Immunity. — There is no direct evidence of acquired immunity to En- 
damoeba histolytica infection. However, the marked reduction in incidence 
above middle life suggests that some resistance develops. Natives of hyper- 
endemic regions show acute dysentery less frequently than aliens, pos- 
sibly as a result of acquired immunity. Serum antibody response to the 
infection is evidenced by the complement fixation test, which is positive 
in over 90 per cent of infected individuals, becoming negative after suc- 
cessful elimination of the amebae by treatment. 

Diagnosis. — Diagnosis of infection with E, histolytica depends upon the 
finding of characteristic organism in the stools and their morphological 
differentiation from the non-pathogenic amebae occurring in human 
feces (p. 706). Cultivation has been utilized, but in cultures histolytica 
resembles the non-pathogenic E. cpli so closely that ditferential diagnosis 
is often very difficult. Direct smears of fresh loose stools in warm saline 
may reveal the active ameboid stages. They may also be found in material 
taken directly from lesions in the lower bowel with the aid of the procto- 
scope. In well-formed stools cysts may be expected, and these are most 
easily identified in iodine solutions, such as LugoFs iodine. When cysts 
are present they may be concentrated by the method of zinc sulfate flo- 
tation, in which they rise to the surface of a solution of high specific gravity. 
This method reveals many infections which are missed by direct examina- 
tion. E, histolytica appears irregularly in the stools and repeated examina- 
tions are often necessary to establish a diagnosis. It should be re-empha- 
sized that recovery of the organisms is only the first step in diagnosis of 

Walker and SeUards: Philippine Jour. Sci. (B), 1913, .?:253. 

Cf. Deschiens: Ann. Inst. Pasteur, 1938, 61:%. , 
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E. histolytica infection. The final step is the identification of the parasites, 
a task requiring abundant experience. 

Emetine, a vegetable alkaloid, was long used in treatment of amebiasis. 
While it usually has a favorable effect on the s>Tnptoms and is of value in 
amebic liver abscess, it rarely eliminates the infection. Several iodine- 
containing drugs, notably chiniofon and diodoquin, and arsenicals, es- 
pecially carbarsone, are highly effective in eradicating the amebae. 

Epidemiology and Control,' — The active ameboid stages of E, histolytica 
die quickly after exit from the body, being highly susceptible to drying 
and to changes in temperature and salt concentration. Since they are 
rapidly destroyed by gastric juice they are not infective when swallowed. 
The amebic dysentery patient is therefore practically harmless as a source 
of infection, since only the ameboid stages occur in his stools. The cysts 
passed by carriers, while not at all comparable to bacterial spores in re- 
sistance, show considerably less susceptibility to conditions outside the 
body than do the ameboid stages. Early reports indicated survival of as 
long as several months. These data were obtained with a test for viability 
based on the behef that cysts which did not stain with eosin were alive. 
The studies since 1925, ultilizing cultivation as a test for viability, have 
given much shorter survival times, seventeen days in water at 0® C., nine 
to ten days in feces or water at room temperature, and thirty minutes at 
45° C. The cysts are quickly killed at 50° C. Early reports indicated that 
cysts of E, histolytica were unharmed by concentrations of free chlorine 
over one hundred times as great as those used in water purification. Under 
the conditions of these tests, in which the organic content of the water is 
far higher than that encountered in water purification plants, recent 
reports indicate that the cysts of E, histolytica are no more resistant to 
chlorine than are such intestinal bacteria as Bact. coli^^ It is not known at 
present whether this relationship holds under normal water treatment 
conditions. In this connection it should be borne in mind that in the Chicago 
amebic dysentery outbreak of 1933 there was abundant circumstantial 
evidence that the infection was spread by water containing sufficient resid- 
ual chlorine to kill intestinal bacteria.^® 

In general, the spread of E, histolytica resembles that of intestinal bac- 
terial infections, utilizing any means by which fecal contamination reaches 
the human mouth. Most important are drinking water, food-handlers and 
houseflies. Swimming pools, though not definitely incriminated, are a 
potential source of infection. Viable cysts have been found in the droppings 
of houseflies one to two days after exposure, and flies have been claimed to 
be responsible for at least one important outbreak. The 1933 epidemic in 
Chicago referred to above was traced to local sewage contamination of 
drinking water in two hotels. This epidemic, in which 1409 cases were 
discovered and there were 98 deaths, was the first important outbreak in 
a city of the temperate zone. It directed medical attention to a problem 
which had been considered important only in the tropics. 

The distribution of E. histolytica is world-wide, but temperate regions 

Cf. Kessel et al.: Amer. Jour. Trop. Med., 1944, 24:177. 

McCoy el aL: Epidemic Amebic Dysentery. Nat. Inst. Health Bull. No. 166. 1936. 
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have generally a low incidence of infection. Surveys indicate a general 
infection rate in the United States of about 10 per cent, though in some 
southern localities the incidence has approached 40 per cent. In the tropics 
the carrier rate is generally very high, often exceeding 50 per cent. Human 
carriers are the only important source of infection. Although various 
animals, especially dogs and cats, are susceptible to infection, and amebae 
morphologically identical with E. histolytica occur naturally in lower 
animals, particularly rats, dogs and monkeys, there is no epidemiological 
evidence that human infections have been derived from these sources. 
Furthermore, the evidence that these amebae are E. histolytica is not con- 
clusive. It is well-known that strains of E, histolytica differ greatly in cyst 
size, and there have long been claims that the strains with small cysts (6 to 
10 in diameter) are rarely or never pathogenic.^® These possibilities, 
though not conclusively demonstrated, are of the utmost importance in 
the epidemiology of amebiasis. 

Control of the spread of E. histolytica is not significantly different from 
that of other human enteric infections. The high incidence of carriers not 
known to have had clinical dysentery complicates the problem, but it is 
ultimately a matter of prevention of access of human feces to the mouths 
of susceptibles. 

Other Species of Amebae Parasitic in Man. — Four other species of 
amebae live in the human intestine (Fig. 191). Being non-pathogenic they 
are of medical interest only because they must be ruled out in the diag- 
nosis oi E. histolytica. Endamoeba coli, a common species, occurring in 25 
to 50 per cent of the general population of the United States, differs from 
E. histolytica in several characters. The stained nucleus shows thicker periph- 
eral chromatin blocks and a larger and usually non-central karyosome. 
The ameboid stage is sluggishly and usually non-progi'essively motile with 
blunt, slowly extruded pseudopodia. It ingests bacteria and other par- 
ticles but rarely red blood cells. The spherical cysts average somewhat 
larger, 10 to 33 /x in diameter, contain eight nuclei in the mature stage, and 
may show chromatoid bodies with pointed or “splintered” ends. Endoli- 
max nana, present in about 25 per cent of the United States population, 
is smaller, 6 to 15 ju in diameter in the ameboid stage. The stained nucleus 
shows no peripheral chromatin but a very large, nearly central karyosome. 
Movement is sluggishly progressive and bacteria are ingested. The spher- 
ical or ovoid cyst is 5 to 14 m in diameter, containing one to four minute 
nuclei and sometimes small spherical or rod-like chromatoid bodies. 
lodamoeha williamsi, present in 10 to 15 per cent of the United States 
population, measures 8 to 20 ^ hi diameter in the ameboid stage- The 
stained nucleus shows a large central karyosome surrounded by a layer 
of granules. Movement and inclusions are like those of E. coli. The cyst 
is irregular in shape, 5 to 20 m in diameter, and contains one or rarely 
two nuclei. Minute granules may be seen, but the most striking feature 
of the cyst is a large glycogen mass, staining dark brown with iodine. 

Dientamoeha fragilis, a rare parasite in the general population though 
sometimes common in institutions, is a very small form, 5 to 12 m in diam- 

” Cf. Bnimpt: Pricis de Parasitologie. Masson & Cie. Paris. 1936. 
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eter. It usually shows two nuclei, each containing a large multiple karyo- 
some. It moves actively, ingesting bacteria. No cyst stage is known, the 
ameboid stage apparently being responsible for transfer. DobeU^^ has 
recently suggested, principally on the basis of its nuclear structure, that 
Jragilis is a degenerate type of flagellate rather than a true ameba, 
Endamoeha gingivalis, probably the first parasitic ameba seen, was re- 
ported by Gros^® in 1849 from the tartar between the teeth. It has no 
known cyst stage, apparently being transmitted in the ameboid stage by 
contact. Formerly suspected of an etiological role in pyorrhea, it is now 
considered harmless. 

CILIOPHORA 

Balantidium coli is a large parasite of the intestine of man, monkeys 
and the pig, usually 50 to 80 ix long by 40 to 60 in breadth (Fig. 192). 
Human infection is widespread but rare. Most of the known human cases 



Fig. 192 . — Balantidium coli from man. c.v.. Contractile vacuole; cyt., cytopyge; 
mac., macronucleus; mic., micronucleus; oes., esophagus; p., peristome (Heguer in 
Hegner and Taliaferro’s Human Protozoology^ comtesy of The Macmillan Company). 

show diarrhea or dysentery pathologically like that produced hyE. histoly- 
tica, but carrier infections have been reported.^® The pig is probably the 
usual source of human infection, passing resistant cysts which are infec- 
tive when ingested with contaminated food or water. A variety of labora- 
tory animals, including cats and monkeys, are susceptible, and cultiva- 
tion has been accomplished in media similar to those used tor E. histolytica. 
Carbarsone is said to eliminate infection.^^ Although several other species 
of ciliates have been reported from human stools, it is not certain that 
they were human parasites. 

Dobell: Parasitology, 1940, 52:417. 

1® Gros: Bull. Soc. Imp. Nat., Moscow, 1849, 22 (1 part): 549. 

1® Yoimg: Jour. Amer. Med. Assn., 1939, 115:580. 
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INTESTINAL FLAGELLATES (MASTIGOPHORA) 

A variety of species of Mastigophora occurs in the human intestine (Fig. 
193). The common species are Chilomastix mesnili. Trichomonas hominis 
and Giardia lamhlia. Only the last is of medical importance. It is generally 
believed to produce a diarrhea in children and occasionally in adults. The 
evidence is dubious, the best indication being the fact that atabrine, -which 
eliminates the organism, often cures the intestinal condition. 



Fig. 193- — ^The flagellates of the human intestine; X 2000. A-C, Giardia lamhlia, 
free and encysted forms. D~F, Chilomastix mesnili, free and encysted forrpis. G—I, 
Embadomonas intestinalis, free and encysted forms. J-L, Tricercomonas inteslinalis, free 
and encysted fonns. M-0, Trichomonas hominis, forms with three, four, and five flagella 
(Wenyon, Proceedings of Royal Institution of Great Britain, March 3, 1922). 

Trichomonas elongata, often referred to as T. buccalis, is a common 
non-pathogen of the mouth. T. vaginalis, occxirring in the human vagina, 
and rarely in the male urethra, is often associated with vaginitis. The 
evidence for its pathogenesis is suggestive hut inconclusive. 

Chilomastix and Giardia are spread by cysts from human feces. No 
cysts are known for Trichomonas, and the relatively resistant flagellated 
stages are apparently responsible for dissemination. Trichomonas species 
and Chilomastix grow on various media, but Giardia has not been success- 
fully cultivated. 
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HEMOFLAGELLATES (IMASTIGOPHORA) 

The family trypanosomidae, commonly called hemoflagellates because 
it includes the mastigophora of the blood and other tissues, comprises 
several genera which are parasites of vertebrates, invertebrates or plants. 
They are classified on the basis of the morphological types each exhibits. 
Figure 194 illustrates these morphological types, of which O may be taken 
as an example, since it is the simplest. This form is an elongated blade-like 
cell body, the cytoplasm staining blue with blood stains such as Giemsa. 
Near the center is a round reddish-violet-staining body, the nucleus. Aris- 
ing from a small, dark purple-staining granule, the blepharoplast, at the 
anterior end is a long whip-like organ of locomotion, the flagellum. Near 
the blepharoplast is a larger body, staining similarly, the parabasal body. 
This stage of the parasite is known as the simple flagellateJ^ In some forms 
the simple flagellate stage may round up and lose its flagellum to become 




Fig. 194. — Morphological types of hemoflagellates. A, trypaniform stage. B, Inter- 
mediate flageUate. C, Simple flagellate. Z), Non-flagellate stage. 


the nonflagellate stage shown at D. On the other hand it may metamor- 
phose into the intermediate stage (B) by posterior migration of the blepharo- 
plast to near the nucleus. In this stage the flagellar filament is connected 
to the body proper by a thin film of cytoplasm, the undulating membrane, 
which waves with the flagellar movement, thus acting as a fin. The trypani- 
form stage (A) is attained by further migration of the blepharoplast to 
near the posterior end with production of an undulating membrane ex- 
tending the whole length of the cell. 

The medically important groups of hemoflagellates fall into two genera. 
Trypanosorna gamhiense and related forms exhibit the trypaniform stage 
in the vertebrate host and trypaniform and intermediate stages in the 
invertebrate. Trypanosoma cruzi exhibits all four stages. Members of the 

* Simplified terms are here substituted for the confusing names in general use. Most 
texts designate type A trypanosome, type B criihidia, type C leptomonas or herpetomonas, 
and type D leishmania. 


A 



710 Medical Parasitology 

genus Leishmania exhibit the non-flagellate stage in the vertebrate and the 
simple flagellate in the invertebrate host. Reproduction of all forms is by 
binary fission. The nucleus, blepharoplast and parabasal body, divide, a 
new flagellum arises from one blepharoplast, and the cytoplasm divides 
longitudinally to produce two daughter cells. In the species with which 
we are concerned, the non-flagellate stages are intracellular in the verte- 
brate host. The flagellated stages inhabit body fluids of vertebrates or the 
alimentary tract of insects. 

The Trypanosomes 

Trypanosoma Gambiense. — Forde^® observed, in the blood of a Gam- 
bian native, a flagellate which was described by Dutton^^ in 1902 as T. 
gambiense. In 1903, CastellanF observed similar flagellates in the cerebro- 
spinal fluid of a sleeping sickness patient in Uganda. Bruce and Nabarro,^® 
in 1903, transmitted T. gambiense to monkeys with a tsetse fly, and Kleine,^^ 
in 1909, showed that the parasites underwent a cyclic development in the 

fly. 



Fig. 195 . — Trypanosoma gambiense in stained blood film; X about 2000. (Kraal.) 

Characteristics and Life-Cycle. — In the blood and lymph of early cases of 
African sleeping sickness T, gambiense exhibits the trypaniform stage, which 
in fresh preparations may be seen wriggling among the erythrocytes (Fig. 
195). It measures 15 to 40 /x in length, varying from short, broad forms 
with no free flagellum beyond the undulating membrane to long thin forms 
with a free flagellum. Reproduction, as in all members of the family, is by 
binary fission. The transmitting insect, a tsetse fly, becomes infected by 
ingestion of the parasites in infected blood. In the stomach of the fly those 
flagellates which survive multiply as trypaniform and intermediate stages, 
first in the crop, stomach and intestine and later in the salivary glands. 
Here they form infective parasites, which are injected by the bite of the 
fly twenty days or more after its infecting blood meal. 

*®Forde: Jour. Trop. Med. & Hyg., 1902, 5:261. 

Du.tton: Thoinpson-Yate’s Lab. Reports, 1902, 4:455. 

. ^ Castellani: Brit. Med. Jour., 1903, p. 1218. 

Bruce and Nabarro: Rep. Sleeping Sickness Comm. Roy. Soc., 1903, 1:11. 

24 Kleine: Dent. med. Wchnschr., 1909, 55:469, 924. 
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On NNN medium, a concentrated blood agar, the parasites multiply 
to a limited extent. Continuous cultivation has been achieved in some 
instances, but it is too difficult to be of practical value. Abundant multi- 
plication occurs on the chorio-allantoic membrane of the developing chick 
embryo. 

African Sleeping Sickness . — The incubation period following an in- 
fective tsetse fly bite varies from two or three weeks to several months. 
The first stage of the human disease is a systemic infection in which the 
parasites are found chiefly in the blood but also in the lymph. Irregular 
fever is generally the first symptom. Somewhat later, as the parasites come 
.to predominate in the lymph nodes, these organs and the spleen £ire en- 
larged, and anemia and wasting are seen. Cardiac injury may be promi- 
nent, and edema is often present. This stage gradually gives way to the 
sleeping sickness stage, in which the parasites are most abundant in the 
cerebrospinal fluid, occurring less commonly in the lymph. The central 
nervous system exhibits the prominent lesions, typically resulting in som- 
nolence, apathy and weakness, less commonly in mania and other violent 
manifestations. Coma and death are the final outcome. Typically the 
course is of several months’ duration, but in parts of East Africa the dis- 
ease develops more rapidly, invasion of the central nervous system occurs 
early, and death frequently results from cardiac injury before the typical 
sleeping sickness stage is reached. In the blood of laboratory animals in- 
fected from cases in this area about 5 per cent of the flagellates are short, 
showing posterior nuclei ; this is true only rarely in the parasites from other 
areas. Because of these differences in morphology and pathogenicity and 
the fact that transmission involves different species of tsetse flies, Stephens 
and Fantham^® separated these parasites as a different species, T. rhodes- 
iense. Most authors now consider this a local race of T. gambiense. 

Imiviunity.— Spontaneous recovery is said to occur occasionally in Afri- 
can sleeping sickness. Except for this there are no data available on natural 
or acquired immunity in man. In rats and mice T. gambiense and related 
parasites produce a rapidly fatal parasitemia, while in guinea pigs and 
some other hosts they show a characteristic relapsing type of infection. 
After a period of unchecked multiplication, the organisms are rapidly de- 
stroyed, only to reappear again in a few days and repeat the cycle. An anti- 
body arising in the serum of a guinea pig at the time of crisis destroys 
parasites of the strain present before the crisis, while the strain present 
after flagellates have reappeared again is resistant to this antibody. This 
phenomenon has been observed in animals infected originally with a single 
parasite, indicating that the change in antigenic structure cannot depend 
on selection alone but must involve adaptive modification of the parasite. 

Diagnosis. — Various serum reactions occur, but are not dependable for 
diagnosis. Laboratory diagnosis depends on the finding and morphological 
identification of the organisms in body fluids, blood, lymph node juice, or 
cerebrospinal fluid. Dry smears stained with blood stains, such as Wright’s, 
are used, either of the whole fluid as obtained or of centrifuged specimens. 

25 C/- Craig: Lahoratojy Diagnosis of Protozoan Diseases, Phila., 1942. 

26 Stephens and Fantham: Proc. Roy. Soc. London, 1910 (B), S3:28, 85:223. 
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In the case of blood, thick or thin films (see p. 725) may be used. The para- 
sites are usually scarce, and a negative finding in any one of the body 
fluids is of little significance. 

Epidemiology and Control — Rare instances of probable coital infection 
have been reported. However, the normal transfer of infection occurs by 
the bite of tsetse flies as described above (p. 711). Two species of flies are 
of most importance, Glossina palpalis in West Africa and G. morsitans in 
East Africa, where the more virulent Rhodesian form of the disease occurs. 
Other species of importance are G. tachinoides, G. swynnertoni and G. palli- 
dipes. These insects are close relatives of the common house fly. They are 
limited to tropical Africa and a small area in South Arabia, and the human 
disease is confined to their range. They resemble the house fly in appearance 
except for the long, narrow proboscis, which is held straight forward from 
the head, and the manner of folding the wings at rest, flat on the back 
with one directly above the other. They range in size from that of a house 
fly to two or three times this size. Both males and females bite and can 
transmit the disease. They bite exclusively by day. The larvae develop 
completely in the body of the female, are deposited singly on loose soil or 
sand in well-shaded places, and quickly burrow into the soil to pupate. 
After four to eight weeks the adults emerge. G. palpalis breeds almost en- 
tirely near water and is thus more limited in local distribution than G. 
morsitans, which is less dependent on shade and moisture. 

The significance of wild animals in spread of African sleeping sickness 
has long been disputed. Various large wild animals, especially the situtunga 
antelope, harbor the flagellates, usually without symptoms, and they have 
been shown to maintain the infection for long periods in the absence of 
human reservoirs. However, most authorities agree that man is usually 
the source of infection. The incidence of human infection varies widely. 
It is not commonly higher than 2 per cent at present, though in the past 
villages were observed with infection rates as high as 50 per cent, and catas- 
trophic epidemics have occurred. 

The variety of control methods in use testifies to their relative ineffective- 
ness. Several valuable drugs are available for treatment of the human in- 
fection, a method whose success is proportional to the local significance 
of man as a reservoir of infection. Tryparsamide and other arsenicals are 
effective in all stages of the disease, though less so in the Rhodesian form, 
wher Bayer 205 (Germanin, Fourneau 309) is more active. This drug is 
useless in sleeping sickness, but is effective during the first stage and has 
the particularly valuable property of protecting against infection for at 
least three months after administration. A new series of compounds rep- 
resented by stilbamidine and pentamidine shows genuine promise. Ex- 
tensive control programs are under way with mass treatment of diagnosed 
human cases and their value seems well demonstrated. In some areas mass 
destruction of the game reservoir has been attempted, but the success of 
this measure is doubtful. Where the human and animal infection rates are 
particularly high, wholesale removal of human populations has been car- 
ried out. Control of migrants, a perpetual problem in much of Africa, is 
utilized in some districts. 
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The life cycle and complex behavior of the flies make their control ex- 
ceedingly difficult. Traps and hand-catching have greatly reduced the 
fly population in some regions. Inspection and fumigation of vehicles have 
been used to limit the spread of tsetse. The best single method is clearing 
of forest and brush, particularly along streams and around villages, which 
destroys the breeding and resting places of the flies. 

Trypanosoma Cruzi.- — Chagas^’^ discovered intermediate stage flagel- 
lates in the hind gut of the bug Triatoma megista in Brazil. He showed their 
infectivity for mammals and later fotmd trypaniform stages in children 
with a characteristic disease, now known as Chagas’ disease. He described 
the organism as Schizotrypanum cruzi, having misinterpreted the reproduc- 
tion in man and animals as schizogony. It is now called Trypanosoma cruzi 
by most authors. 

Characteristics and Life-Cycle, — The parasites as seen in the blood of 
early cases of Chagas’ disease are of the trypaniform type, fundamentally 
similar to those of T, gambiense but smaller, about 20 ju hi length, and with 



Fig. 196- — Non-flagellate form of Trypanosoma cruzi in human heart muscle; X 3700 
(Taliaferro in Hegner and Taliaferro’s Human Protozoology, courtesy of The Macmillan 
Company) . 

the posterior end pointed. No multiplication occurs in the blood. The pre- 
dominant phase in man and experimental animals is a small, rounded non- 
flagellate stage, 3 to 5 yu in diameter, occurring in clumps in various tissue 
cells — heart muscle, macrophages and endothelium (Fig. 196). These or- 
ganisms have a nucleus and parabasal body as described above (p. 709). 
They multiply in the infected cells by binary fission, producing the dense 
clumps of organisms mistaken by Chagas for stages of schizogony. Small 
numbers of trypaniform stages are apparently continually produced and 
shed into the circulating blood from the nests of intracellular non-flageUate 
parasites. 

Various bugs of the family Reduviides acquire the infection from a blood 
meal containing the trypaniform stages. These become intermediate flagel- 
lates in the mid- and hind-gut, where they multiply to produce infective 
trypaniform flagellates two to three weeks after the infecting blood meal. 
These organisms are shed in the feces of the bug. They infect man by enter- 

27 Chagas: Mem. Inst. Oswald© Cruz, 1909, f.T59. 
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ing the wound caused by the bite of the infected bug or by penetrating the 
mucosae, particularly of the mouth or eye. 

Continuous culture of T. cruzi on NNN medium and in simpler broth 
media is relatively easy. The parasite multiplies in the water of condensa- 
tion as trypaniform and, predominantly, intermediate flagellates. 

Chagas' Disease. — Chagas described the infection from a region having 
serious endemic goiter, and most of his cases had marked thyroid pathol- 
ogy. It has since been shown in other regions that the goitrous mani- 
festations he described are not part of Chagas’ disease. The incubation 
period is one to two weeks. Irregular fever and edema, particularly of the 
eyelids (Romana’s sign) characterize the acute phase, and there is consider- 
able enlargement of lymph nodes, spleen and liver toward the end of this 
period. The acute disease is rare except in small children, in whom occur 
almost the only deaths attributable to the infection. The chronic disease, 
which occurs in adults or following the acute stage in children, varies in 
symptomatology with the localization of the parasites but is most often 
characterized by myocarditis caused by heart muscle infection. 

Immunity. — Evidence concerning acquired immunity is lacking in the 
human disease, hut experimental animals are immune to reinfection after 
recovery. Serum from such animals partially protects against experimental 
infection. The serum of human cases fixes complement in the presence of 
extracts of infected tissues or cultures of T. cruzi, and the complement 
fixation test, the Machado reaction and various modifications, are widely 
used for laboratory diagnosis. 

Diagnosis. — Other laboratory diagnostic methods depend on the demon- 
stration of the parasites. During the early stages of the human disease 
trypaniform flagellates may be found in stained blood smears. Later, in- 
direct evidence of the presence of parasites may be obtained by blood cul- 
ture or by ''xenodiagnosis” (‘‘host diagnosis”), in which laboratory-reared 
bugs become infected after feeding on a case. 

Epidemiology and Control. — Natural infection is acquired from infected 
hugs as described above. The chief vectors are Triatoma (Mestor) megista 
and Rhodnius prolixus, but about forty species of the family Reduviidae 
have been incriminated. These insects are members of the order Hemiptera, 
or True Bugs, to which belong also bed bugs, chinch bugs and many others. 
They are large insects with an elongated, cone-shaped head. Most species 
are predatory on other insects but some live on vertebrate blood. They in- 
habit the nests of various animals and may occur in human houses of poor 
construction, where males and females commonly bite sleeping persons 
about the mouth or eyes. The total life-cycle, involving egg, larval, nymphal 
and adult stages, occupies six to ten months. 

The human disease is widespread in South and Central America but of 
low incidence in most areas. Various mammals are susceptible and the in- 
fection occurs naturally in many of these, particularly dogs, cats, wild 
rodents, opossums and armadillos, all of which serve as reservoirs of human 
infection. In the southwestern United States natural infections occur in 
the insects and in the wild rodents which they infest, but human infections 
have not been reported in this country. 
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Su<^essful control of Chagas’ disease has not been attained. The most 
promising methods involve destruction of infected domestic animals and 
improvement of human houses to exclude the insects and the reservoir 
hosts. 

There is no successful chemotherapy for Chagas’ disease, the drugs 
useful in African trypanosomiasis being inactive in this infection. 

Other Species of Trypanosoma, — A number of important diseases 
of domestic animals are caused by species of Trypanosoma similar to T. 
gambiense, Nagana is a rapidly fatal disease of the horse family, and to a 
less extent of cattle and dogs, occurring in a wide area of East Africa. It is 
caused by T, hrucei, an organism very similar to the Rhodesian form of T. 
gambiense, and transmitted mostly by G, morsitans. Wild game are com- 
monly infected without detectable symptoms and are an important reser- 
voir. A number of other species transmitted by tsetse flies are important 
disease agents of animals in Africa. T. emnsi causes a disease of horses, 
camels and mules known as surra, which is widespread in Asia, extending 
to Russia, Arabia and Madagascar. It is transmitted mechanically by 
horse flies and stable flies. Related species cause equine diseases in South 
America, one of which, T. hippicum, is transmitted by vampire bats. T, 
equiperdum causes a disease of the horse family known as dourine, of nearly 
world-wide distribution. The disease is known as ‘‘horse syphilis” because 
of a general similarity in course of infection and the fact that spread occurs 
by coitus. 

Two rodent species, T. lewis i of rats and T. duttoni of mice, are of 
especial interest. They are found in various parts of the world and are 
easily obtained for laboratory study. Like T. gambiense they occur in the 
vertebrate host only in the trypaniform stage. They resemble T. cruzi, 
however, in that multiplication in the invertebrate hosts, fleas and sucking 
lice, takes place in the mid- and hind-gut, and infection of the vertebrate 
is acquired from flagellates in the insects’ feces. Host specificity is very 
strict, and although the parasites are readily cultivable on NNN medium 
they do not multiply appreciably in developing chick embryos as do flagel- 
lates of the T, gambiense type. In rats inoculated with blood containing 
T, lewis i the flagellates multiply unchecked for several days, showing the 
great size variation characteristic of rapidly reproducing populations. This 
variation decreases rapidly with the appearance of a non-absorbable anti- 
body, an ablastin, which completely inhibits reproduction. Within a few 
days a trypanolysin destroys a majority of the parasites, the remainder 
persisting in the peripheral blood without multiplication until, after, one 
to several months, another trypanolysin eliminates the survivors.^® 

The Leishmanias 

Leishmania Donovani. — Leishman^® and Donovan, in 1903, de- 
scribed oval parasites of the macrophages in cases of kala-azar in India. 

Taliaferro: Jour. Exp. Med., 1924, 39:171. 

Leishman: Brit. Med. Jour., 1903, p. 1252. 

Donovan: Brit. Med. Jour., 1903, p. 1401. 
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These were recognized as mastigophora when Rogers^^ showed they de- 
veloped into motile flagellates in culture. 

Characteristics and Life-Cycle . — In the human disease, kala-azar, the 
parasites occur as non-flagellate stages, 3 to 5 m long, in macrophages, 
where they resemble the non-flagellate stages of T. cruzi (Fig. 197). They 
multiply by binary fission until the cytoplasm of the host cell is crowded, 
when they escape to infect new cells. While the parasites predominate in 
internal organs, they occur in the skin macrophages as well, and it is prob- 
ably from this site that the intermediate hosts, sandflies of the genus Phle- 
hotomus, become infected. The parasites acquire the simple flagellate form, 
14 to 20 M long, and multiply in the mid- and fore-gut of the insect, which 



A B 

Fig. 197 . — Leishmania donovani in the human, spleen. A, Section of spleen showing 
five macrophages infected with the parasites. B, One macrophage enlarged to show 
structure of the parasites. A, X about 550; J5, X 2500 (Taliaferro in Hegner and Talia- 
ferro’s Human Protozoology, courtesy of The Macmillan Company) . 

becomes infective after a week or more. The simple flagellates, injected 
by the bite of the fly into a new host, reestablish the vertebrate phase of 
the cycle. 

L.. donovani is easily cultivated in NNN and other media at 22 to 35® C., 
multiplying in the simple flagellate stage as in the insect host (Fig. 198) . 

Kala-Azar . — Visceral leishmaniasis, or kala-azar, is usually a chronic 
disease. Typically it begins, after an incubation period of one to four 
months (sometimes much longer), with a high temperature, which merges 
into an irregular fever showing long swings of temperature. The spleen and 
liver enlarge greatly with hyperplasia of the parasitized macrophage sys- 
tem. Wasting, emaciation and edema of the legs are common. Dysentery 
often occurs as a result of heavy infection in the intestinal wall. The skin 
Rogers: Lancet, 1904, p. 215. 
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is typically dusky in hue, whence the .name kala-azar, meaning "‘black 
fever.” The skin is infected with the parasite hut usually does not show 
lesions until months after systemic recovery when depigmented areas ap- 
pear, later often becoming slightly raised papules. Anemia and leucopenia 
are characteristic. Death is the rule in untreated cases, usually as a result 
of secondary infection. 

Immunity. — ^Treated or spontaneously cured human infections are ap- 
parently followed by a lasting, solid immunity, for second infections axe 
exceedingly rare. However, vaccines have failed to protect against or ame- 
liorate the disease, Complement-JBbdng and agglutinating antibodies are 
detectable in active and recovered cases, hut they give cross-reactions 
with cutaneous leishmaniasis. 

Diagnosis and Treatment. — Crucial laboratory diagnosis. may be ob- 
tained by the^finding of parasites in biopsies of skin, spleen, liver or bone 



Fig. 198 . — Leishmania donovani; simple flagellate forms, from a cultiire; Wright’s stain; 

X 1800 (Bulletin No. 1, Office of the Surgeon General, Washington, January, 1913). 

marrow. Sternal bone marrow puncture is a reliable and safe procedure. 
Blood cultures may be positive. In addition, a group of non-specific sero- 
logical reactions has shown great value. These reactions depend on the 
fact that the serum euglobulin is greatly increased in amount. In the for- 
mol-gel test (Napier’s aldehyde reaction), positive sera form an opaque 
gel when formalin is added. In the antimony test a pentavalent antimo- 
nial drug causes a heavy flocculent precipitate in sera of cases. These 
tests are positive in over 80 per cent of cases and give false positives only 
occasionally with other diseases, especially schistosomiasis and malaria. 

Several antimony compounds, particularly neostibosan and solustibosan, 
are effective in kala-azar. Treatment is often followed, after several months, 
by dermal leishmaniasis, which may persist for several months. The drugs 
stilbamidine and pentamidine mentioned in connection with African sleep- 
ing sickness (p. 712) are also effective in kala-azar. 

Epidemiology and ConiroZ.— Kala-azar occurs in China, India, South 
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Russia, Mesopotamia, the Mediterranean littoral, Equatorial Africa, East' 
ern Brazil and Northern Argentina. In Asia it is apparently a disease of 
man, though various lower animals, particularly dogs, hamsters and mice, 
are susceptible. Infection may occur at any age but is most common in 
older children and young adults. In the Mediterranean area, however, it is 
primarily a disease of small children. Here dogs are commonly infected 
and apparently serve as the reservoir, since, unlike children, they show 
abundant parasites in the skin. The Mediterranean parasite is called by 
some authors L. infantum and the South American form has been de- 
scribed as L. chagasi, but they are generally believed to belong to the 
species L. donovani. 

Factors of seasonal and geographical distribution early pointed to 
sandflies as. probable vectors, and it was soon shown that they were sus- 
ceptible, developing heavy intestinal infections when fed on cases.^^ 
However, fifteen years of experimentation with thousands of flies and 
hundreds of test animals produced only four transfers by bite. Other in- 
sects, particularly fleas and bedbugs, were studied and eliminated as vec- 
tors- Other means of spread were suggested by the demonstration of para- 
sites in nasal secretions, urine and feces of cases. It was shown that ham- 
sters could be infected by mouth. Direct transmission may occur but is 
probably uncommon in view of the epidemiology of the disease. Recently 
new evidence has made it virtually certain that sandflies are the significant 
vectors. Smith et al maintained infected sandflies on fruit juices instead of 
the customary blcfod meals, and infections have consistently developed in 
hamsters and mice bitten by such flies.^^ In these flies the pharynx often 
becomes blocked with the simple flagellate stages, a phenomenon not ob- 
served in blood-fed flies, and in their vigorous efforts to feed the “blocked” 
flies apparently are more likely to inject parasites. 

The sandfly vectors belong to the genus Phlebotornus of the family of 
small flies, Psychodidae. The most important species are P. argentipes in 
India, P. chinensis in China, and P. major and P. perniciosus in the Medi- 
terranean region.®^® The vectors in other areas are as yet unknown. The 
adults are minute, night-biting insects. They fly weakly and travel very 
short distances but penetrate ordinary window-screening with ease. The 
larvae develop in loose damp soil or debris, mostly in cracks in walls, cliffs, 
caves, etc., the entire life cycle requiring one to two months. 

Control of the transmitting insects is difficult, though some success has 
resulted from cleaning up potential breeding places near human habita- 
tion. Fine-mesh bed nets, fans and repellents are of value as protection 
against the bites. Large-scale treatment of human cases is widely used for 
control. 

L. Tropica. — This parasite was discovered by Wright, in 1903, in an 
Armenian patient in Boston. Morphologically and culturally identical 

32 Knowles, Napier and Smith: Ind. Med. Gaz., 1924, 59:593. 

33 Smith, Haider and Ahmed: Ind. Jour. Med. Research, 1940, 25:575; ibid. 1941, 
29:783, 799. 

33“ The name Phlebotornus is widely used but is probably incorrect. Many authors 
now use Flebotomus. 

3^ Wright: Jour. Med. Res., 1903, i0:4il2. 
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with L. donovani, it differs in infecting primarily the skin, where it pro- 
liferates in the macrophages of the subcutaneous tissue. In man, dogs and 
wild rodents it produces large single or multiple ulcers, usually of exposed 
parts of the skin, known as oriental sores. These lesions appear after an 
incubation period of ten days to several months. They increase to a diam- 
eter of 1 to 3 cm. and heal spontaneously after several months to leave 
a disfiguring scar. Permanent immunity follows infection, and deliberate 
induction of sores on unexposed parts of the body has Jong been practised 
in the Middle East to avoid the disfigurement of exposed scars. Transfer 
by direct contact, fomites and house flies is possible, but the principal 
method of transmission is undoubtedly by sandflies in a manner similar 
to kala-azar. Oriental sore occurs in Southern Asia, Southern Russia, the 
Near East, Equatorial Africa and the Mediterranean region, the principal 
vectors being P. ser genii and P. papatasii. Laboratory diagnosis is made 
by identification of the parasites in stained smears of scrapings from the 
lesions. Local or systemic antimony treatment is specific. 

L. Braziliensis. — This parasite resembles L. tropica but often shows a 
predilection for mucocutaneous borders, as around the mouth and nose. 
Here it produces an eroding lesion, which lasts for months. Extension to 
the pharynx may result in death. The disease, known by various names, 
of which uta and espundia are the most common, has a wide distribution 
in South America, extending to Southern Mexico. 

SPOROZOA 

Malarial Parasites. — ^With the exception of a rare intestinal parasite, 
the only sporozoa infecting man are the malarial parasites. They were first 
recognized by Laveran^^ in 1880, and the life-cycle in human erythrocytes 
was described by Golgi.®® Manson’s suggestions led Ross®^ to the demon- 
stration in 1898 of mosquito transmission of avian malaria, and Grassi, 
Bignami and Bastianelh®® later in the same year showed the mechanism 
of spread of human malaria. Man harbors t^^ee or possibly four species 
of malarial parasites, of which Plasmodium vivax will serve as an example.®^ 

Characteristics and Life-Cycle. — In fresh preparations of infected blood 
the parasites of P. vivax appear as clear areas in the erythrocytes- They 
contain yellow or brown granules of pigment, a digestion product of hemo- 
globin which has been identified noicrochemically as hematin. In direct 
blood films colored with stains such as Giemsa the parasites show blue 
cytoplasm and violet red nuclei (Fig. 199). The earliest stage in the ery- 
throcyte, the ring stage, consists of a thin ring of cytoplasm with a nucleus 
at one side. The parasite grows, becoming an irregular uninucleate body 
containing several brown pigment granules. This stage is known as the 
ameboid trophozoite. The parasitized cell has now enlarged somewhat and 

35 Laveran: BuU. Acad. Med., 1880, 9:1235, 1268, 1346. 

35 Golgi: Arch. Sci. Med., 1889, i3:nZ. 

37 Ross: Ind. Med. Gaz., 1898, 33MI, 448. 

38 Grassi, Bignami and Bastianelli: Atti. R. Accad. Lincei Rendic. Ser. 5, 1898, 8:21; 
ibid., 1899, <5:100, 434. 

39 An excellent comprehensive book is: Human Malaria, A.A.A.S. Pub. No. 
Washington. 1941. 
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may show scattered throughout its cytoplasm minute red granules, “Schiiff- 
ner’s dots,” which are apparently a result of injury to the cell. The para- 
site continues to grow, accumulating more pigment. Eventually it nearly 
fills the erythrocyte, which is now about one and one half times its normal 
diameter. The nucleus divides repeatedly until twelve to twenty four, 
usually about sixteen, nuclei are present. This is the schizont stage. Finally, 
in the segmenter stage, the cytoplasm divides, a portion surrounding each 
nucleus. The pigment is left in a dense clump, and the cell disintegrates to 
release the daughter cells, or merozoites, into the plasma. Here they invade 
fresh erythrocytes and repeat the cycle. The above process of growth and 
multiple fission is known as schizogony. It occupies, in P. vivax, about forty- 
eight hours, and the growth is regulated by the daily cycle of activity of 
the host, so that segmentation usually occurs at about the same time every 
other day. 

After several schizogonic cycles a difference may be noted in the infec- 
tion. Some ameboid stages, instead of becoming schizonts and undergoing 
asexual reproduction, develop into large uninucleate parasites with scat- 
tered pigment granules. These are the sexual stages. The female, or macro- 
gametocyte, shows a compact, dark red nucleus and intense blue cytoplasm. 
The male, or microgametocyte, has a more diffuse, less deeply-stained nu- 
cleus and the cytoplasm is paler, often pinkish rather than blue. The gaxnet- 
ocytes undergo no further development in man, eventually degenerating 
or being destroyed unless they are taken up by a susceptible mosquito. 

In the stomach of the mosquito, gametes are produced . The macrogamet- 
ocyte escapes from the erythrocyte and becomes a single macrogamete, 
corresponding to a metazoan ovum. The microgametocyte produces at its 
surface, by a process generally called “exflagellation,” four to eight long, 
whip-like microgametes, counterparts of the spermatozoa of higher animals. 
One of these actively wriggling microgametes fertilizes a macrogamete. 
The resulting zygote elongates, becoming a motile ookinete about 20 fx long. 
The above process in the mosquito occupies one to two days. Many ooki- 
netes are destroyed in the mosquito stomach, but some penetrate its wall 
and come to rest as round oocysts on the outside of the stomach. Here they 
grow, undergoing nuclear multiplication, until a diameter of about 50 /x 
is attained, the oocyst now containing many himdreds of nuclei. Each ac- 
quires a hit of cytoplasm and becomes a spindle-shaped body, about 8 /x 
long, the sporozoite. With the rupture of the oocyst, these sporozoites 
scatter throughout the body of the mosquito. Many accumulate in the 
salivary glands, where they are injected into man by the biting mosquito. 
The complete development in the mosquito requires from one to two weeks. 
25° C. is said to be the optimal temperature, no development occurring 
below 15° C. nor above 30° C. 

The early development of the parasite in the body of man has not been 
elucidated. Schaudiim,^®® in 1902, described penetration of the sporozoite 

39“ Schaudinn: Arb. a. d. Gesimdbeitsamte, 1902, 19:169. 

Fig. 199. — Life cycle and comparative morphology of the malarial parasites of man. 
(Schizogonic stages redrawn from Huff, Manual of Medical Parasitology). Oooysts 
X 600; remaining stages X 2000. 
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into an erythrocyte and initiation of schizogony, but recent evidence casts 
serious doubt on this report. First, many investigators have failed to con- 
firm Schaudinn’s observation. Second, it has not been possible to infect 
normal individuals by the transfer of large quantities of blood drawn from 
infected persons during the first few days of the incubation period. Third, 
drugs highly effective against the parasites in erythrocytes have no effect 
during the early incubation period. These facts suggest that during the 
incubation period the parp.sites are unlike those later seen in the erythro- 
cytes and are not present in the peripheral blood. Search for parasites dur- 
ing the early incubation period in man has resulted only in dubious findings. 

In a species of chicken malaria, however, recent investigation has shown 
the steps from inoculation of sporozoites to infection of the erythrocytes.^® 
Sporozoites inoculated into the skin soon enter macrophages of the sub- 
cutaneous tissue. Here, known as cryptozoites, they undergo a type of 
schizogony fundamentally hke that in erythrocytes except that no pigment 
is produced (Fig. 200). In about thirty-six hours segmentation occurs, pro- 
ducing merozoites which invade new macrophages and repeat the cycle. 



Fig. 200. — Cryptozoites of a chicken malarial parasite. (Courtesy of Hulf and Goulston. 

Drawn by Esther Bohlman.) 

Some of the second generation merozoites enter erythrocytes to estab- 
lish the peripheral blood schizogony. Others continue to reproduce in tissue 
cells as exoerythrocytic stages. Since their discovery by Raffaele in 1934 
and 1936 and Huff and Bloom in 1935, the exoerythrocytic stages of avian 
malarias have received much attention.^^ Neither exoerythrocytic schi- 
zonts nor cryptozoites have been definitely observed in man, but the in- 
direct evidence strongly suggests that human malarial sporozoites probably 
develop into cryptozoites, which eventually give rise to the classical erythro- 
cytic parasites in the peripheral blood. 

In drawn blood with added dextrose^^ malarial parasites persist for a few 
days and may multiply to some extent. This is not of practical valuie, and 
cultivation in the absence of erythrocytes has not been reported. 

The life-cycles and morphology of the other human malarial parasites 
in erythrocytes are fundamentally similar to those of P. vivax (Fig. 199). 
P. malariae requires seventy-two hours for the completion of schizogony. 

^®Hu£F and Coulston: Jour. Infect. Dis., 1944, 75:231. 

« Cf. Porter and Huff: Amer. Jour. Trop. Med., 1940, 20:869. 

^2 Bass and Johns: Jour. Exp. Med., 1912, 10:567. 
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The erythrocytic parasites show several differences of diagnostic value. 
No granules of the type of Schiijffner’s dots are seen in the infected ceils. 
The cells are not enlarged during growth of the parasites. The older tro- 
phozoite is not ameboid like that of P, vivax but commonly exhibits a 
“band’^ form across the parasitized cell. The segmenter produces six to 
fourteen, usually eight, merozoites, arranged in a “rosette” form. The 
gametocytes are small and the pigment typically occurs in abundant, large 
dark granules. The optimal temperature for sporogony in the mosquito is 
said to be about 22° C., and sporogony is slow, requiring three weeks or 
more. 

P, falciparum, like P. malariae, causes no enlargement of the infected 
cells, but some parasitized cells show granules, Maurer’s dots, which cor- 
respond to the Schiiffner’s dots of P. vivax. Schizogony results in six to 
twenty-four merozoites. The schizonts and segmenters typically accumu 
late in capillaries of internal organs, appearing in the peripheral blood only 
in very heavy infections. Normally, therefore, only ring stages and gamet- 
ocytes are seen in blood films. Infection of erythrocytes by two or more 
rings is common and the rings often contain two nuclei. The gametocytes 
are distinctive, exhibiting a characteristic sausage shape which distorts or 
obliterates the infected cell. Because of their shape, they are commonly 
called “crescents.” The pigment is finely granular or amorphous in ap- 
pearance, and in the gametocytes it is typically concentrated about the 
nucleus. The optimal temperature for sporogony is said to be 29° C. 

P. ovale is a rare species showing similarities to both P. vivax and P. 
malariae but characterized chiefly by the fact that the infected ceU is often 
distorted into an oval. Its significance is not known, although many in- 
vestigators consider it an aberrant type of P. vivax. 

Malaria. — Vivax malaria, or benign tertian malaria, is featured by typ- 
ical chills and fever occurring at the time of segmentation of the periph- 
eral blood parasites. These paroxysms begin with an acute, shaking chill 
while the temperature is rising. A “hot stage” occurs at the fever peak, the 
patient feeling unbearably hot and the oral temperature usually reaching 
104 or 105° F. This gives way to a “sweating stage” during which the fever 
falls rapidly to normal or slightly below. Parasite products or red blood 
cell contents released at disruption of the infected cells are presumably 
responsible for the paroxysm. Paroxysms coincide, as stated above, with the 
time of parasite segmentation. Hence they occur every forty-eight hours if 
all the parasites reproduce on the same day. Often, however, distinct broods 
of parasites segment on alternate days. Vivax malaria commonly shows 
quotidian (daily) chills for several days followed by the suppression of one 
brood of parasites with resultant tertian chills (every other day). Between 
paroxysms the patient feels and appears normal. 

Significant anemia occurs commonly in vivax malaria but is rarely 
serious unless other factors are involved. A week or more after the begin- 
ning of an attack, particularly in children, the spleen usually enlarges and 
remains enlarged for two to six months after termination of the attack. 
The untreated attack typically lasts three to six weeks, often with tempo- 
rary cessations of clinical activity. It is followed by a period of latency, 
24 
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which probably lasts two to three years as a rule, during which parasites 
cannot be found microscopically in the peripheral blood. That they are 
present, though in small numbers, is attested by the fact that the blood is 
infective if inoculated into normal individuals. In about one-third of cases 
renewal of clinical activity, or relapse, occurs during this period, the clinical 
picture resembling that in the primary attack. 

Malaria due to P. malar iae is known, because of the seventy-two hour 
cycle of reproduction, as quartan malaria, the chills occurring every third 
day. It is basically similar to vivax malaria, though the paroxysms are 
often more severe. The incubation period is usually long, three weeks or 
more, and the period of clinical activity typically lasts for several months. 
Relapses are uncommon, but latent infection may persist for many years, 
as shown by the occasional development of quartan malaria in recipients 
of blood transfusions from persons who have not shown evidence of infec- 
tion for thirty years or more. 

Falciparum malaria is widely known as malignant tertian or estwO’-autum- 
nal malaria. As noted above, P. falciparum is characterized by accumula- 
tion of schizogonic stages in internal organs. As a result, in addition to or 
instead of the typical paroxysms, which are cjuotidian or tertian, various 
local manifestations of the disease may be prominent. This is especially 
true in the tropics where such “pernicious” malaria may follow a series 
of typical chills. The most common types are algid (cold) malaria, gastro- 
intestinal manifestations, and cerebral malaria with coma and often death. 
These peculiarities of falciparum malaria make it the cause of most of the 
deaths attributable to human malarial infection and an important factor in 
many deaths traced to other diseases. Blackwater fever, a dangerous hemo- 
globinuria, is associated with falciparum malaria and is thought to be an 
occasional late effect of repeated infection. P. falciparum infections relapse 
uncommonly and rarely persist more than a year or two. 

Immunity. — ^Malaria exhibits what has been termed “infection immu- 
nity.” After recovery from an acute attack, the individual is highly re- 
sistant to superinfection with a strain similar to that already present in 
his body, but the resistance lasts for at most a few months after elimination 
of parasites from the body. This inununity depends on active phagocytosis 
and digestion of parasitized erythrocytes by the macrophages of spleen, 
liver and bone marrow.^^ That the parasitized cells are sensitized by anti- 
bodies is suggested by the fact that serum from recovered animals partially 
protects against infection.^^ The immunity to superinfection is species- 
and strain-specific. The latent malarial infection is a state of balance be- 
tween reproduction of the parasites and their destruction by the body de- 
fenses. Relapse occurs when this balance is disturbed, permitting the para- 
sites to increase greatly in numbers. The factors are little known, though 
it has recently been shown that operations increasing blood sugar induce 
relapse in avian malaria.^® 

Partial inhibition of avian and monkey malarial infections has been 

^ Cf. Taliaferro: Human Malaria, p. 239. 

^ Coggeshall and Kumm: Jour. Exp. Med., 1937, 6^:177. 

« Gajewsky and Tatum: Jour, Infect. Dis., 1944, 74:85. 
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achieved with killed vaccines. There is no evidence concerning human ma- 
laria, but, because of the nature of immunity to malaria, it seems unlikely 
that vaccination would be of practical value. Serum agglutination of para- 
sitized cells or isolated parasites has been reported in experimental in- 
fections. It is species-specific. Complement-fixing antibodies occur in the 
serum and are group-specific, reacting with extracts of avian and simian 
malarial parasites as well as with those from man. Recent data indicate 
that this reaction may be of value in the diagnosis of latent human malarial 
infections. 

Diagnosis. — Laboratory diagnosis of acute malaria rests on the finding 
of parasites in peripheral blood films. They are most easily identified in 
thin films stained with Giemsa, but, since parasites are often scanty in 
the peripheral blood, dehemoglobinized thick films, similarly stained, are 
widely used. The rapid staining method of Field^® is of especial value for 
such preparations. The fact that parasite morphology is abnormal in thick 
films is offset by the much greater volume of blood which can be examined 
in a comparable time. In surveys the characteristic spleen enlargement is 
a nonspecific but highly suggestive indication of current or recent malarial 
infection. Because it usually persists for several months it affords a more 
stable index of the infection rate in an area than do clinical or parasitolog- 
ical surveys. 

Chemotherapy. — Treatment of malaria has for centuries depended on 
the bark or extracts of the bark of cinchona trees. The best known alkaloid 
is quinine, though others are effective against the parasites. Quinine neither 
prevents natural infection nor eradicates parasites from ,the body, but is of 
great clinical value because it rapidly reduces the number of blood parasites 
below the density necessary to produce symptoms. It is active against all 
blood parasites except the gametocytes of P. falciparum. Intensive re- 
search by German industrial chemists has resulted in two significant 
drugs. PJasmochin, while dangerous to man in curative doses, destroys 
P. falciparum gametocytes when given in small doses and has been used 
in an effort to reduce mosquito infection rates. Atabrine has an action 
similar to that of quinine. In addition, recent evidence indicates that it 
can completely eliminate P. falciparum parasites from the body. No known 
drug has this property in P. vivax and P. malar iae infections. Truly pro- 
phylactic drugs are unknown. However, atabrine or quinine taken con- 
tinuously diuing exposure acts as a suppressive, holding the infection 
down to sub-clinical levels. 

Epidemiology and Control. — Malaria is the most common infectious dis- 
ease of man, occurring throughout the warmer regions of the world and 
extending well into the temperate zones to occupy a large part of the 
land area between 60° N. and 40° S. latitude. The principal factor in 
distribution of the infection is climate, which affects both the distribu- 
tion and abimdance of the mosquito hosts and the development of the para- 
site in the mosquito. The human malarial parasites are not found in lower 
animals. Man is, therefore, the only reservoir of infection. Racial immunity 
is known in the case of P. vivax. Negroes are less readily infected than whites 

^ Field: Trans. Roy. Soc. Trop. Med. and Hyg., 1940, J4.T95. 
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and seldom show symptoms. Local populations with high natural immunity 
to P. falciparum have also been reported.^’' Age resistance is not known, 
but in endemic regions clinical malaria may be rare in native adults who 
have been constantly reinfected with the local strains of parasites. 

Barring rare congenital cases, blood transfusions and accidental trans- 
fers of blood, as by drug addicts sharing contaminated syringes, human 
malaria is transmitted exclusively by the bites of certain mosquitoes of 
the genus Anopheles. This genus, comprising some two hundred species 


Culex Anopheles 



Fig. 201. — Comparison of Culex and Anopheles. Eggs, larvae (note position), position 
of insects at rest, wings (Elolle and Hetsch, partially redrawn) . 

throughout the world, is readily distinguished from the common house 
mosquitoes of the genera Culex and Aedes by several characteristics (Fig. 
201). The adult generally rests at an angle to the surface, with proboscis, 
head and body in a straight Hne, whereas the others rest parallel, with the 
head and proboscis turned down. The wings are usually spotted, those of 
other mosquitoes being unmarked. The palps of the female are as long as 
the proboscis, giving the impression of three long appendages from the 
Swell engrebel: Proc. Third Int. Cong. Microbiol., 1940, p. 119. 
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head in addition to the antennae, whereas the other genera have short, 
barely noticeable palps. The eggs bear inflated floats and are laid singly 
on the water, whereas in Culex they are laid in rafts on the water and in 
Aedes they are deposited singly on damp surfaces. The larvae lie flat at 
the surface of the water, feeding on floating particles, while in the other 
genera they hang down in the water from an elongated breathing tube and 
usually feed on the bottom. 

Only the female mosquitoes feed on blood, most Anopheles biting at 
dusk or in the night. The breeding places vary greatly in character, almost 
any type of water collection serving to support the larvae of one or more 
species of Anopheles, Most species, however, are quite specific in the types 
of water collections they choose. The principal malarial vector in the south- 
eastern United States, A. quadrimaculatuSy breeds chiefly around the debris- 
and weed-covered edges of swamps, ponds and sluggish streams. Important 
malarial vectors, however, are found in hill streams {A . minimus in Southern 
Asia), brackish marshes {A. maculipennis in southern Europe), small tem- 
porary pools (A, gambiae in Africa), water held in plants growing in the 
tops of trees (A. bellator in Trinidad), etc. 

Not all species of Anopheles serve equally efficiently as vectors of malaria, 
about seventy-five being considered dangerous carriers in one or more 
regions.**® The chief determining factors are abundance, contact with man 
and susceptibility. The last varies greatly among species and among popu- 
lations within species. Little is known of the factors in human malaria, but 
simple genetic differences have been shown to determine susceptibility of 
some Culex mosquitoes to avian malaria.^® In most situations which have 
been adequately studied, contact with man is the principal factor in the 
importance of species of Anopheles, Several susceptible species are abun- 
dant in the southeastern United States, but in most of this area only one, 
A. quadrimaculatus, shows sufficient preference for human blood to serve 
as an important carrier. In Europe races^® of A, maculipennis^ distinguish- 
able only by egg patterns, differ so greatly in their relative preferences for 
human and animal blood that some are dangerous vectors while others, 
equally susceptible, are insignificamt in the spread of malaria.^^ 

Since prophylactic or universally curative drugs are not available, mala- 
ria control rests on the interruption of the mosquito phase of the hfe-cycle. 
This may be accomplished by reduction in mosquito numbers or prevention 
of contact between mosquitoes and man. If mosquito reduction is to be 
attempted, the differences in relative importance of different species, or 
even of the same species in different regions, require that the principal 
vectors in a given area be determined before control is attempted. Such 
determination is of value in avoiding waste of resources on unimportant 
mosquitoes. Furthermore, unplanned control efforts may completely miss 
the principal vectors and have even, on occasion, made matters worse by 

Russell, Rozeboom, and Stone: Keys to the Anopheline Mosquitoes of the World, 
American Entomological Society. Philadelphia. 1943. 

49 Huff: Jour. Prev. Med., 1931, 5;249. 

59 These are now designated as separate species by many authors. 

51 Hackett: Malaria in Europe. Oxford University Press. London. 1937. 
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favoring the breeding of dangerous species. The “natural index” of in- 
fection, determined by examining st5machs and salivary glands of wild- 
caught female mosquitoes for oocysts and sporozoites of malarial parasites, 
is the best guide to relative importance of a species. Unfortunately, the 
figure is often so low that dissection of large numbers of mosquitoes is re- 
quired. In such cases expediency may justify indirect measures. Suscepti- 
bility may be determined by exposure of laboratory-reared mosquitoes 
to carriers and dissection of the fed females for stages of the parasite 
(“experimental index”). Contact with man may be measured by the loca- 
tion of resting mosquitoes (in houses as against stables) or by precipitin 
tests on fed mosqtdtoes to determine the type of blood they contain, 
When the important species in an area have been identified, their breed- 
ing habits must be determined so that proper methods of control may be 
applied. Elimination of breeding places is the method of choice for long- 
range control. Water collections may be destroyed by drainage or filling. 
Salinity may be controlled by tide-gates. Breeding around the margins of 
reservoirs may be eliminated by water-level fluctuations. Shade may be 
increased or decreased by control of vegetation. Streams may be cleared or 
periodically sluiced. Specific methods, it will be obvious, depend on local 
conditions and the habits of the mosquitoes involved. Several elf active 
poisons (larvicides) are available for attack on the aquatic stages. Oils 
sprayed on the water surface are toxic to the eggs, larvae and pupae. Paris 
green and the newly rediscovered DDT kill larvae which ingest them. A 
minor method of local value is the stocking of ponds and pools willi top- 
feeding minnows, Gambusia or Lebistes, which eat mosquito larvae. 

Attack on the adult mosquitoes is useful as a supplement to larval con- 
trol or where temporary protection is necessary. Spray-killing of adults with 
pyrethrum in oil or especially with pyrethrum-freon aerosols is of value. 
Even swatting has its place. Screening, bed-nets, protective clothing, re- 
pellents and the avoidance of evening exposure outdoors all are useful and 
have contributed to the control of malaria.®^ 

Malarial Parasites of Lower Animals. — Malarial parasites fundamentally 
like those of man occur in apes, monkeys, birds, bats and lizards. Since 
lower animal hosts are not available for the human malarial parasites, the 
natural parasites of monkeys and birds have been widely used experiment- 
ally. Among the important discoveries made in these infections are the 
mosquito transmission of malaria, the chemotherapeutic activity of ata- 
brine, exoerythrocytic and cryptozoic stages and much of the information 
on immunity. The species most widely studied are P. brasilianum, P. 
knowlesi and P. cynomolgi of monkeys and P. cathemerium, P. relicium, 
P. gallinaceum and P. laphurae of birds. 

PARASITES OF UNCERTAIN AFFINITIES 

Toxoplasma. — Parasites known as Toxoplasma were discovered in 1908 
in rodents by Nicolle and Manceaux®^ in Africa and by Splendore®® in Brazil. 

Coggeshall, et al.: War Medicine, 1943, 5:484, 619. 

Cf. Sabin: Jour. Amer. Med. Assn., 1941, 5:801. 
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They are crescentic or oval bodies, 6 to 7 by 2 to 4 microns in size, staining 
blue with a red nucleus in Giemsa preparations (Fig. 202). They reproduce 
only in cells, chiefly monocytes and endothelial cells, dividing by binary 
fission, but are often found free in body fluids. Many mammals and birds 
are susceptible, and infection has been produced by a variety of routes, 
though the natural means of spread are unknown. Artificial cultivation 
has not been achieved. Toxoplasma have been reported in several cases of 
encephalitis in newborn infants and children,®^ and in a typhus-like pneu- 
monitis of adults.®^ While they are commonly called sporozoa, it must be 
said that their relationships are unknown, and it is not even certain that 
they are protozoa. 

Sarcocystis. — In the muscle fibers of various vertebrates, particularly 
ruminants and rodents, are seen long, cylindrical tubes containing numer- 



Fig. 202. — ^Parasites ot uncertain adOBnities. A, Sarcocystis in transverse section of 
muscle, X 300 (Modified from OBaraban and St. Remy). B, Toxoplasma^ 3500 X (Re- 
drawn from Chatton and Blanc). 


ous crescent-shaped “spores” (Fig. 202). They are called “Miescher’s 
tubes” for their discoverer,®® and a number of species have been described 
under the generic name Sarcocystis. Mice become infected after ingestion 
of meat containing the parasites.®® A powerful exotoxin, sarcocystin, is 
produced, and death sometimes occms in heavily infected animals. Occa- 
sional human infections have been reported. Since the spores apparently 
result from schizogony, the group, known as Sarcosporidia, are commonly 
classed with the sporozoa, but their relationships are stiU insufficiently 
understood. 


Pinkerton and Henderson: Jour. Amer. Med. Assn., 1941, ii6:B07. 
^ Miescher: Ber. v. d. Verbandl. Naturf. Ges. Basel, 1843, 5:198. 

5® Smith: Jour. Exp, Med., 1901, tf:l. 
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THE METAZOA 

All phyla of animals other than protozoa are commonly desi^niated by 
the term Metazoa, and it will be convenient to mention certain general 
characteristics of the human parasites, mostly known as “worms,” which 
belong to this aggregate. They are usually macroscopic in size, ranging 
from about a millimeter to several meters in length. Their structure is 
generally complex, and their life cycles vary from the simple production 
of infective eggs or larvae to complex alternation of generations involving 
as many as three different hosts. An important general characteristic is 
that multiplication usually does not occur in the human body, so that 
infection is stable in the absence of reexposure. Successful cultivation of 
parasitic worms has not been achieved. The great variety of metazoan 
parasites of man makes it impossible to dicuss them extensively in a small 
space. Therefore, representative examples will be used wherever possible. 
The reader is. referred to the general texts mentioned above (p. 700) for 
fuller discussions. 

PLATYHELMINTHES 

The phylum platyhelminthes, or “flatworms,” is differentiated from other 
phyla of animals by several characteristics. They are bilaterally sym- 
metrical and composed of the three primitive germ layers of tissues — ecto- 
derm, entoderm and mesoderm. The body cavity is not lined with meso- 
derm, as in higher forms, but filled with a spongy mass of cells, the paren- 
chyma. The digestive tract is absent or, if present, lacks an anus, solid 
wastes being regurgitated through the mouth. There are three major 
classes — the Turbellaria, which are free-living forms or external parasites 
of aquatic animals, exemplified by Planaria; the Trematoda, or “flukes,” 
which are all parasitic; and the Cestoidea, or “tapeworms,” also all parasitic. 

Trematoda 

The human lung fluke, Paragominus wesiermani, and the blood fluke, 
Schistosoma mansoni, will serve as examples of this group. 

Paragonimus Westermani. — The adult worm, found by Wester- 
man in 1877 in the lungs of a tiger, was described by Kerbert®^ in 1878. 
Nakagawa,®^ Yokagawa,^® and others elucidated the life-cycle. Several 
species have been described, but it is not certain that they are valid, atid 
some authors believe that there is only one species, Paragonimus wester- 
mani. 

Characteristics and Life-Cycle. — The adult lung fluke is an ovoid reddish 
worm, 7 to 12 mm. long by 3 to 6 mm. in diameter, covered with a trans- 
parent cuticle which is studded with spines. The anatomy of a flattened 
specimen is shown in Fig. 203. Two muscular suckers are present, one on 

Kerbert: Zool. Anz., 1878, ^;271. 

5® Cf, Ameel: Amer. Jour. Hyg., 1934, 19:219. 

Fig- 203. — Life-cycle and morphology of Paragonimus. (Larval stages redrawn from 
Ameel, 1934, X 120. Adult worm X 7). m, mouth; ph, pharynx; int, intestinal caecum; 
vit, vitellaria; ac, acetabulum; gp, genital pore; ov, ovary; sg, ootype; vdef, vas deferens; 
vitd, vitelline duct; t, testis; exc, excretory bladder. 
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the ventral sui'face, the acetabulum, the other at the anterior end, the 
anterior sucker, perforated by the mouth. The mouth opens into a muscular 
pharynx, followed by a thin esophagus. This divides into two blind intes- 
tinal ceca extending down the sides of the body. The nervous system is 
simple, and no special sense organs are present. The excretory system con- 
sists of a bladder opening at the posterior end and receiving collecting 
tubules which extend throughout the body, terminating in characteris- 
tic “flame cells.” The circulatory system is rudimentary, consisting of 
indefinite channels through the parenchyma. 

The adult fluke is hermaphroditic, both male and female reproductive 
systems occurring in the same individual. These systems are typically 
elaborate and, as in most flukes, are the most prominent structures of the 
body. In the female system a single ovary connects via an oviduct with 
the obtype, where the eggs are formed and receive their shells. In its course 
the oviduct receives the common vitelline duct, into which yolk or shell 
material comes from the branched vitellaria, or yolk glands, occupying 
the sides of the dorsal surface of the body. The oviduct also has a divertic- 
ulum, the seminal receptacle, in which sperms are stored.®^ An inconspicu- 
ous duct of unknown function, Laurer's canal, runs from the oviduct to 
an opening on the dorsal surface of the body. The ootype, surrounded by 
gland cells, Mehlis’ gland, opens into the uterus, a long coiled tube which 
carries the completed eggs to the common genital pore near the acetabulum. 

The male reproductive system consists of paired testes in the posterior 
part of the body, connecting by vasa efferentia with the vas deferens, 
which empties into the common genital pore along with the uterus. Part 
of the vas deferens is widened into a sperm reservoir, the seminal vesicle, 
and a more distal portion is the glandular prostatic region. The terminal 
portion forms a muscular copulatory organ, the cirrus. 

The eggs produced by adult worms in the lung are coughed up and either 
escape in the sputum or are swallowed and passed in the feces. They are 
ovoid, averaging 60 by 90 m in size, and show a removable cap, the oper- 
culum, at one end. The embryos are undeveloped at the time of escape from 
the host. They develop in from two to six weeks in water, where the eggs 
hatch by the opening of the operculum to release a free-swimming ciliated 
larva, the miracidium. This larva survives only a few hours unless it suc- 
ceeds in penetrating the tissues of a suitable intermediate host. Various 
snails of the genera Melania and Pomatiopsis can serve as hosts. In the 
lymph spaces of the snail the miracidium becomes an irregular, thin-walled 
sac, the sporocyst, growing to a final length of about 0.4 mm. Cell masses 
within the sporocyst enlarge, developing in about one month into twelve 
or more rediae. These escape by rupture of the sporocyst and grow to a 
length of about 0.3 mm. They differ from the sporocyst principally in 
having a rudimentary digestive tract and a birth pore. By a reproductive 
process similar to that in the sporocyst the first generation redia produces 

5® In Paragonimus the seminal receptacle is small, though in some human flukes it is 
a prominent structure. 

These three organs are contained in the cirrus sac in most forms, but this is absent 
in Paragonimus. 
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twelve or more second generation rediae. These escape by way of the birth 
pore and grow to a length of about 0.5 mm. Within each second generation 
redia arise twenty or more tailed larvae, or cercariae. The cercaria is 
essentially a rudimentary adult worm. It differs principally in having a 
small tail and two types of penetration organs, a stylet in the mouth re- 
gion and several gland cells, opening at the anterior end, which secrete 
histolytic enzymes. About three months after entry of the miracidium 
the cercaria escapes from the snail and moves about in the water, dying in 
one to two days unless it finds a suitable second intermediate host, a 
crayfish or crab. 

The cercaria penetrates the softer part of the integument of a crab, loses 
its tail and grows in the tissues into the mefacercaria, a near-spherical body 
about 0.4 mm. in diameter enclosed in a cyst wall. The full development 
requires about one month, after which the metacercaria is infective when 
eaten by man. In the small intestine the cyst wall softens, releasing the 
metacercaria, which penetrates the wall of the small intestine and reaches 
the abdominal cavity within a few hours. It wanders rather aimlessly but 
usually passes through the diaphragm within a few days and invades the 
lung, where it becomes encapsulated by the tissues and grows to the adult 
stage. After about six weeks eggs may be found in the sputum. 

Paragonimiasis, — The adult worms in the lung, and particularly the 
eggs they produce, cause tissue destruction, inflammation and hemorrhage. 
Local pneumonic processes with cough and bloody sputum are character- 
istic. As in most worm infections, the damage is roughly proportional to 
the number of organisms present. In severe cases weakness and even death 
may result from the extensive lung injury. Aberrant worms in other tis- 
sues, as in the brain, cause local effects- 

There is no evidence concerning acquired immunity to infection. Human 
infections have been shown to persist at least six years in the absence of 
reexposure, but it is said that they often clear up after several years. 

Diagnosis of lung fluke infection depends on the finding and identifica- 
tion of characteristic eggs in the sputum or feces. As in other trematode 
infections, the size and structure of the eggs (see Fig. 203) are diagnostic. 
Other trematode eggs may occur in the feces, but only those of Paragon- 
imus normally occur in the sputum. 

Epidemiology and Control, — Various mammals are susceptible to Para- 
gonimus infection. Cats, dogs, mink, muskrats and man are the usual 
natural hosts. Infection in lower animals is known in Asia, Africa, North 
and South America, and the United States. Human infection is limited by 
food habits, occmring commonly only in the Far East. The metacercariae 
in infected Crustacea are destroyed only by thorough cooking or consider- 
able exposure to pickling sauces, and in the endemic areas .fresh water 
crabs, raw or slightly pickled, are considered a delicacy. It should be em- 
phasized that the asexual reproduction in snails is obligate and that only 
the metacercariae and possibly the cercariae are infective for mammals. 
Thus, direct transfer from mammal to mammal does not occur, and numer- 
ical increase of an individual infection is unknown in the absence of re- 
exposure. 
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Chemotherapy of human infections is useless for control both because 
of its unreliability and because lower animals are an important reservoir. 
Destruction of snails has generally failed. The only effective control meas- 
ure known is education to the dangers of eating improperly cooked fresh- 
water Crustacea. It should be noted here that while such modification 
of food-habits is the best control method for all human trematode infec- 
tions except the blood flukes, established habits and prejudices often inter- 
pose difficulties in its execution. 

Fasciolopsis Buski. — The large adults of this species attain a length 
of 7 cm. (Fig. 204). They are found attached to the mucosa of the small 
Intestine of man and the pig. The infection is most common in China but 



Fig- 204. — ^Trematode parasites of man. A, Fasciolopsis buski; X 3. Clonorchis sinensis; 

X 5. C, Heterophyes heterophyes; X 60. (Adapted from various sources.) 


occurs in other parts of Asia. The large eggs (average 140 by 80 p, see 
Fig. 205) escape in the feces and develop in water, where the miracidia 
invade snails of the genera Segmentina and Planorbis. The development 
in the snail, like that of Paragonimus, comprises a sporocyst generation 
and two generations of rediae. The long-tailed cercariae encyst on aquatic 
plants, particularly the water chestnut, as metacercariae. These plants 
eaten raw convey the infection to man or the pig. Symptoms are generally 
related to the intensity of infection. They consist of intestinal disturbances 
and generalized edema, which has been attributed to toxemia but may be 
merely nutritional, resulting from the food-robbing of the host by the 
worms. Severe infections may cause death. As in many other intestinal 
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worm infections, ^-naphthol and carbon tetrachloride are efficient drugs. 
Control is achieved by treatment of human infections, proper sewage dis- 
posal, and education to the dangers of eating raw plants from contaminated 
water. The problem is comphcated by the practice, common in endemic 
areas, of using human feces as fertilizer. 

The closely TeloXed. Fasciola hepatica infects the hvers of sheep and cattle, 
causing “liver rot,” and is of great economic importance. It is important 
also because it was the first trematode whose life cycle was worked out. 
Occasional human cases are known. Another economically important para- 
site of the Hver of herbivores, Dicrocoelium dendriticum, has been found 
rarely in man. 

Heterophyes Heterophyes. — Heterophyes heterophyes is a small trema- 
tode,. about 1.5 mm. long, of the intestine of man, cats, dogs and other 
fish-eating mammals in Egypt, Asia Minor and Asia. The eggs are- small, 



Fig. 205. — Shells of some trematode eggs; X 300. A, Fasciolopsis huski. B, Clonorchis 
sinensis {Heterophyes heterophyes is very similar). C, Schistosoma japonicum. D, S. 
mansoni. S. haematobium. 


averaging 25 by 16 p (Fig. 205). Metacercariae are ingested by man in 
insufficiently cooked or salted fish. The adult trematodes produce only 
minor gastro-intestinal disturbances, but it is reported that the eggs are 
often deposited deep in the mucosa, whence they reach the general circu- 
lation and are localized in various distant tissues.®^ The inflammation in 
these tissues, particularly the myocardium and brain, is said occasionally 
to cause serious symptoms or death. Several related species attack man. 
The most important of these is Metagonimus yokagawai, which occurs in 
man and other fish-eating animals in the Balkans, Palestine and Asia. 

Other Intestinal Trematodes. — Several species of Echinostoma, 
Echinochasmus and related genera occasionally parasitize man. They are 
elongate trematodes with a ring of large spines on the head region. The 
human infection is apparently acquired by ingestion of raw snails contain- 
ing the metacercariae. Various mammals and birds are the normal hosts 

61 Africa, DeLeon and Garcia: Acta Med. Philippina, Monogr. Ser., 1940, i. 
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of the adult worms. Occasional human infections are also reported with 
Gastrodiscoides hominis and Watsonius watsoni. Their life cycles are un- 
known, but since they chiefly parasitize herbivorous mammals it is pre- 
sumed that the metacercariae occur on plants. 

Clonorchis Sinensis. — The Chinese liver fluke, Clonorchls sinensis, is a 
thin, elongated trematode, 1 to 2 cm. in length. The adult worm inhabits 
the smaller bile ducts of man, cats, dogs and other fish-eating mammals in 
China and Japan. The eggs, averaging 29 by 17 jjl, pass out with the bile 
and escape in the feces. They are fully developed but do not hatch in the 
water. Upon ingestion by suitable snails, usually of the genera Parafos- 
salurus and Bithynia, they hatch and the miracidia become sporocytes in 
the lymph spaces. Rediae produced in the sporocyst give rise to long-tailed 
cercariae. These encyst as metacercariae in the tissues and on the skin 
and scales of various fresh-water fish. Ingested metacercariae hatch in 
the small intestine, and the young worms migrate up the bile ducts to 
develop into adults three to four weeks later. Thorough cooking (100° C. 
for fifteen minutes) is necessary to destroy the metacercariae. Infection of 
man occurs by ingestion of the metacercariae, possibly in drinking water or 
by contamination of the fingers in handling infected fish, but usually by 
consumption of insufficiently pickled or cooked fish, a favorite article of 
diet in the endemic regions. Hazards are increased in these areas by the 
practice of propagating fish for market in ponds fertilized with human feces. 

Human infection is characterized by proliferation of the bile-duct epithe- 
lium and of the surrounding connective tissue. This results in liver cirrho- , 
sis, destroying liver parenchyma and obstructing portal blood flow. Intes- 
tinal disturbances, liver enlargement and ascites are the common symptoms, 
severe infections resulting in death. No reliable drugs are known. Control, 
as in the trematode infections discussed above, depends principally on 
education concerning avoidance of undercooked infected food, in this case 
fresh-water fish. 

Related species, Opisthorchis felineus and 0. viverrini, infect 

fish-eating mammals and, less commonly, man in parts of Cen tral Europe 
and Asia. 

The Human. Blood Flukes. — Bilharz®^ found trematodes in the mesen- 
teric veins of an Egyptian patient. Three species are now known to cause 
schistosomiasis or, as it is called in much of the medical literature, ‘‘bilharz- 
iasis” in man. Schistosoma mansoni is taken here as an example. 

Morphology and Life-Cycle , — Unlike the trematodes discussed above, 
the adults of Schistosoma mansoni are unisexual, male and female repro- 
ductive systems occurring in separate individual worms. The adults are 
foxmd together in the smaller mesenteric veins, the long, thin female en- 
closed in a groove on the ventral side of the male (Fig. 206). The cylindrical 
female is 1 to 1.5 cm. in length by about 0.25 mm. in diameter. An anterior 
sucker surrounds the mouth and shortly behind it is a stalked acetabulum. 
The intestinal ceca, unlike those of Paragonimus, unite before the middle 
of the body, a single tube continuing to the posterior end. The oval ovary 
lies immediately anterior to the union of the intestinal ceca, and the uterus, 
Bilharz: Zeits. f. Wiss. ZooL, 1852, 4:72. 
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contaimng eggs, extends forward to open behind the acetabulum. The 
posterior half of the body is occupied by vit ell aria. The male is about 1 
cm. long by about 1 mm. in diameter, its integument covered with coarse 
tubercles. The suckers and alimentary tract are similar to those of the 
female. The reproductive system consists of a cluster of eight or nine 
round testes in the anterior region emptying into a seminal vesicle, which 
opens to the outside just behind the ventral sucker. 

The large eggs, averaging 150 by 65 /x, have no operculum but show a 
prominent spine at the side (Fig. 205). They are deposited in the fine 
venules of the mesenteric veins in the wall of the intestine, where they 
lodge, held by the spine in the distended vessels. Stasis of the blood, injury 



Fig- 206 . — Schistosoma mansoni. A, Adult worms; X 8. B, Anterior end of female 
worm; X 20. C, Adult male; X 10. D, Cercaria; X 180. (A and C redrawn from Manson- 
Bahr. D redrawn from Cort.) 


by the spine and enzymes secreted by the developing embryo combine to 
rupture the vessel, allowing the eggs to escape into the tissues and eventu- 
ally into the lumen of the intestine. They are mature at the time they leave 
the body in the feces. On dilution of the feces with water, the shell rup- 
tures, releasing the miracidium. In suitable snails of the genera Planorhis 
and Physopsis there are two generations of sporocysts resulting, after about 
six weeks, in the production of cercariae with long, forked tails (Fig. 206). 
Escaping into the water the cercariae swim actively or rest at the surface, 
dying in about three days if they do not reach a susceptible final host. 
Coming in contact with human skin they attach and, as the surface film 
of water is drying, actively penetrate the skin. The tail is lost and the para- 
site is carried via lymph and blood to the portal veins in the liver. Here 
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maturation occurs to the adult forms, which mate and migrate dislally 
in the portal system to the mesenteric veins. Four to eight weeks after in- 
fection the sexually mature worms begin egg-production. The infection 
may persist for many years without reexposure. 

The other species of human blood flukes differ from Schistosoma rjiansoni 
in size, details of morphology, egg structure, location in the definitive 
hosts, types of snail hosts and geographical distribution. Schistosoma haema- 
tobium adults occur predominantly in the venules of the urinary bladder 
wall, the eggs escaping in the urine. They are large, 150 by 60 with a 
terminal spine. The male, 1 to 1.5 cm. long, is covered with fine tubercu- 
lations and has four large testes. The female is about 2 cm. long. Snails 
of the genera Planorhis, Physopsis and Bulinus serve as intermediate 
hosts. 

Schistosoma japonicum occurs in the venules of the intestine. The eggs 
average 80 by 65 with a small lateral knob rather than a spine. They 
escape in the feces, the miracidium invading snails of the genera Blanfordia 
and Hemihia. The male is 1 to 2 cm. long, with a smooth integument, and 
has seven or eight testes. The female is 1 to 2.5 cm. long. 

Schistosomiasis, — Penetration of the skin by the cercariae may cause 
a mild dermatitis. In the case of the human blood flukes this is not so prom- 
inent as in that of several species normally parasitic in lower animals. 
In parts of the northern United States and of Europe, these species cause 
a severe schistosome dermatitis or “swimmer’s itch.” There is no evidence 
that these worms mature in man. 

The important disease processes of human schistosomiasis are the result 
of tissue destruction by the eggs. In the case of Schistosoma mansoni this 
results in dysentery and later in benign tumors, constrictions or fistulae of 
the lower intestine. Eggs carried to the liver arouse inflammation with 
enlargement and cirrhosis resulting in ascites. Enlargement of the spleen 
is common. Schistosoma japonicum produces a similar picture, the liver 
pathology generally predominating. In infection with Schistosoma haema- 
tobium the worms and eggs in the wall of the bladder cause hematuria, 
pain, chronic inflammation, calculi, benign tumors and fistulae. Severe 
cases show grave injury to the entire urinary tract. In all blood fluke in- 
fections the benign tumors may become malignant. 

Immunity. — Information is lacking on human immunity to blood fluke 
infections, though it is known that infections are most severe in children 
and uncommon in late adult life. Animals cured of an initial infection show 
increased resistance to reinfection. Antibodies are demonstrable with ex- 
tracts of adult worms or heavily infected snail livers. That the reactions 
are group-specific is shown by the fact that extracts of Fasciola hepatica 
react with sera of infected individuals. The precipitin test is unreliable, 
but complement-fixation is a dependable tool for diagnosis. A skin test 
is useful but remains positive long after cure. 

Diagnosis. — Laboratory diagnosis preferably is based on the finding of 
characteristic eggs in urine or feces. Early in infection or after serious tissue 
damage they may not be detectable, and in such circumstances the immu- 
nological tests are of great value. 
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Antimony compounds, particularly fouadin, are effective in killing the 
adult worms. 

Epidemiology and Control . — Blood fluke infections may be accjuired from 
drinking water, the cercariae penetrating the mucosa of the upper alimen- 
tary tract. Occasional infections are also known in newborn infants whose 
mothers were exposed to infection during gestation- The chief means of 
infection, however, is by contact of the skin with water containing the 
cercariae. This occurs especially in the working of rice fields fertilized 
with human feces, but also in bathing and chance contact. Man is the im- 
portant reservoir of Schistosoma mansoni and Schistosoma haematohiuniy 
though both are found naturally in monkeys, and other laboratory animals 
can be infected. S. japonicum occurs naturally in a wide variety of animals, 
including dogs, cats, pigs and cattle. S. mansoni is found in Egypt and 
Central Africa, the West Indies and northern South America, S. haema- 
tobium in a large part of Africa and in Asia Minor, S. japonicum only in 
the Far East, 

Control of blood fluke infections depends on preventing the access of 
eggs to water containing suitable snails or avoidance of contact with water 
containing the cercariae. Little success has been attained. Safe sewage dis- 
posal or storage of sewage which is to be used for fertilizer is of value. 
Local destruction of snails is possible with lime or copper salts. Periodic 
drying of irrigation ditches is also effective except in the Far East, where 
the snail hosts can withstand long periods of drying. 

Other Species. — The lower animed parasites which produce “swimmer’s 
itch” have been mentioned above (p. 738). One of them, Schistosomatium 
douthitti, is of especial interest because it is easily studied in laboratory 
mice. Several species produce important diseases of domestic animals in 
Africa and India. 

Cestoidea 

The cestoidea, or tapeworms, generally consist of a colony-like chain 
of flattened segments, each of which is a semi-independent unit with a com- 
plete set of reproductive organs. A scolex at the anterior end of the chain 
serves to anchor the worm in place, and the nervous and excretory systems 
are shared by the whole organism. There is no alimentary tract, soluble 
food substances being absorbed through the body surface. All are parasitic, 
the adults usually in the alimentary tract of the definitive host and the 
larval stages in the tissues of an intermediate host. 

Taenia Solium. — The pork tapeworm, Taenia solium, was known in 
ancient times. Kiichenmeister®^ first suspected its relationship to “bladder- 
worms” in pork and demonstrated their transformation into the adult 
worms in the intestine of a condemned criminal. 

Characteristics and Life-Cycle.^ln the intestine of man the adult Taenia 
solium attains a length of 2 to 10 meters. Buried in the intestinal mucosa 
of the host is the scolex, or “head,” a rounded cubical organ about 1 mm. 
in diameter bearing four large, cup-like suckers and a pad, the rostellum, 
with twenty to thirty-five hooks (Fig. 207). Behind the scolex is a thin 
neck which merges into a region of proliferation of segments, or proglot- 
Kuchenmeister: Wien. Med. Wchnschr., 1855, 5:1. 
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tides. As new segments are produced, the older ones are pushed back, devel- 
oping sexually, until near the middle of the worm mature proglottides are 
found. They average 0.5 cm. square. The genital pore occurs on either side 
of the proglottis, alternating irregularly from segment to segment. The 
male reproductive system consists of small follicular testes scattered 
throughout the dorsal part of the segment, emptying through vasa effer- 
entia into a coiled vas deferens which ends in the muscular copulatory 
organ, or cirrus, at the genital pore. In the female system the vagina ex- 
tends from the genital pore to the ootype in the posterior central part of 
the segment. On either side of the ootype are ovaries and behind it the 
vitellaria. A blind uterus extends forward from the ootype. 

As the segments move toward the posterior end of the worm, the uterus 
fills with eggs, becoming branched to fill most of the segment in the gravid 
proglottis, which is about 0.5 x 1 cm. in size. In T. solium there [are about 



Fig. 207 . — Taenia solium. A, Scolex; X 20. B, Mature proglotlis; X 5. C, Gravid 
progloltis; X 5. D, Egg; X 500. £7, Cysticercus; X 5 (Adapted from various sources). 


ten branches on each side of the uterus. The gravid segments become de- 
tached singly or in small groups and pass out with the feces. Before or 
after escape from the body they burst, releasing large numbers of eggs. 
These eggs, averaging 35 /x in diameter, are nearly spherical and provided 
with a thick shell of characteristic porous structure. An embryo bearing 
six hooks may be seen within the shell. 

Ingested by a suitable intermediate host, the eggs hatch in the intestine 
and the embryos penetrate the intestinal wall to enter the blood or lymph. 
They are carried to various parts of the body, developing in the tissues in 
about two months to the infective stage. Infection is most intense in the 
muscles, but other tissues also contain the parasites. This stage, a cysticer-- 
cus, consists of a scolex like that of the adult, a short neck, and a fluid- 
filled sac about 1 cm. in diameter. Because of the sac, this larval stage is 
commonly called a “bladder-worm.” In the tissues the scolex is invaginated 
into the bladder. In addition to the pig, other animals may harbor the 
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cysticerci. Among them is man, in whom they occur in various tissues, in- 
cluding the brain. 

Man acquires the adult tapeworm by ingestion of undercooked pork 
containing the cysticerci. In the intestine the bladder is digested away, 
the scolex attaches to the intestinal wall, and the adult worm develops by 
growth from the neck region. By two months after infection gravid pro- 
glottides containing eggs are being passed in the feces. Infection may last 
for many years. 

The Human Disease. — Adult pork tapeworms usually occur singly in 
the intestine of man. They often cause no noticeable symptoms, though 
general intestingJ disturbances may occur and in children nervous dis- 
turbances are sometimes seen. The ravenous appetite popularly associated 
with tapeworm infections is actually uncommon, loss of appetite being 
more frequently observed. In contrast with infection by the adult worm, 
tissue infection with the cysticerci is dangerous. The larvae act like benign 
tumors; growth is slow and terminates naturally with full development. 
The injury results from pressure and its seriousness, therefore, depends 
on the location of the larvae. In most muscles and connective tissues they 
are of no consequence, but larvae in the eye may affect vision. In the brain 
they may give rise to epilepsy or other manifestations of local pressure. 

There is no evidence of acquired immunity to T. solium in man, though 
it has been suggested that the rarity of multiple infections in the intestine 
indicates immunity to superinfection. In individuals harboring the cysti- 
cercus, complement-fixing and precipitating antibodies are detectable. 
They react with extracts of other tapeworms as well as T. solium. 

Laboratory diagnosis of intestinal infection with T. solium is based on 
recovery of eggs or gravid proglottides from the feces. The eggs are not 
distinguishable from those of the beef tapeworm, but the gravid segments 
can be identified by the smaller number of uterine branches, about ten 
on each side as against more than fifttien in the beef tapeworm. Diagnosis 
of the cysticercus infection is rarely made before operation or necropsy, 
but the immunological reactions mentioned above have been used. Ex- 
tract of male fern is effective in expelling the adult worm. There is no 
treatment known for the larval infection except surgery. 

Epidemiology and Control. — The larvae of T. solium occur most com- 
monly in pigs but are found also in man, monkeys, sheep, camels and dogs. 
Before 1850 in Berlin 2 per cent of human autopsies showed the cysticerci, 
but the incidence is now much lower. Pigs acquire the infection by con- 
tamination of their food or water with human feces. Larval infections in 
man are incurred chiefly by contamination of food, water or fingers with 
eggs from human feces, but it is also possible that in the intestine of an 
individual harboring the adult worm the eggs may hatch without reaching 
the outside. Whether or not eggs must leave the body before they are in- 
fective, a person with the adult worm in his intestine is a constant hazard 
to himself as well as to others. Man, the only known host for the adult 
tapeworm, acquires the infection by ingestion of undercooked pork, which 
often contains large numbers of larvae. Freezing and thorough cooking 
kill the larvae, but ordinary pickling and smoking are ineffective. Govern- 
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menfc meat inspection reveals most infected carcasses and has been the 
most effective single control measure. Other control methods are directed 
at the prevention of contact between pigs and human feces. 

Taenia Saginata. — The beef tapeworm, Taenia saginata, resembles T, 
solium in morphology and life cycle, but several differences are noteworthy. 
The scolex is “unarmed,” lacking the hooked rostellum of T. solium. The 
adult worm is usually about 5 meters long, but occasionally attains a 
length of 25 to 30 meters. The gravid proglottides are distinguished from 
those of T. solium by a larger number of uterine branches, usually 15 to 20. 
Man is the only known host of the adult. The cysticerci develop in cattle 
and other ruminants, human infection resulting chiefly from consumption 
of undercooked beef. Rare cases of human infection with the larvae have 
been claimed, but it is probable that they were aberrant cysticerci of T. 
solium. 

Echinococcus Granulosus. — The adult of Echinococcus granulosus in- 
habits the intestines of dogs and related species. It is a minute worm 0.25 
to 0.5 cm. in length, consisting of an “armed” scolex and three proglottides, 
one immature, one mature and one gravid. Large numbers of the adults 
may occur in the intestine of an infected dog. 

The natural intermediate hosts are sheep, cattle and other ruminants, but 
a wide variety of animals are suscep tible, including man, in whom the larva 
causes a serious disease. This larva is markedly different from those of the 
beef and pork tapeworms discussed above. In the viscera of aii iiifected 
animal it attains a diameter of about 1 cm. after five to six months. It is 
infective after eight months or more but continues to grow, often, after 
several years, reaching a diameter of more than 20 cm. The larva, known 
as a “Hydatid cyst,” is a spherical, fluid-filled sac composed of a thick 
cuticular wall with a thin germinative epithelium on its inside surface. 
From this germinative epithelium are formed two types of structures. 
Buds may appear and grow into stalked vesicles, brood capsules, on the 
inner surface of which stalked cysticercus-like “scolices” arc produced. 
These brood capsules may become detached, enlarge and produce brood 
capsules and scolices within themselves, when they are known as daughter 
cysts. In the large cysts there may thus be produced many thousand in- 
fective scolices, each of which can develop into an adult worm if the 
cyst is eaten by a dog feeding on the viscera of an infected animal. Thus 
E. granulosus differs from T. solium chiefly in the fact that multiplication 
occurs in the larval as well as the adult stage. The predominant site of 
larval infection is in the liver. The lung is next in importance, and cysts 
may occur also in practically every other organ. 

Hydatid Disease in Man. — Echinococcosis, or hydatid disease, is charac- 
terized by two general types of manifestations. First, hypersensitivity 
develops to . components of the hydatid fluid and accidental rupture of a 
cyst may cause serious, even fatal, reactions- Second, and most important, 
the growing cyst acts like a tumor, the injury resulting from pressure 
effects and depending on the localization of the cyst. Rupture of a cyst 
may give rise to new cysts produced from scolices, daughter cysts, or frag- 
ments of germinative epithelium. Various abnormalities occur of which 
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the most important are multilocular cysts. These are anomalous in struc- 
ture, consisting of numerous irregular, jelly-filled cavities which grow ir- 
regularly and spread throughout the host tissues like a malignant tumor, 
usually resulting in death of the host. The majority of multilocular cysts 
and some unilocular cysts are sterile, producing no scolices. 

There is no information available concerning acquired immunity to the 
larval infection in man, though in immunized sheep the cysts develop 
somewhat abnormally. Dogs injected with antigens derived from the larvae 
are immune to the adult infection.®^ The hypersensitivity mentioned above 
can be detected by skin tests with extracts of the cyst fluid. This is the 
most sensitive immunological test, but complement-fixation and precipi- 
tation are also demonstrable.®® These procedures are somewhat less depend- 
able for laboratory diagnosis than microscopic examination of aspirated 
cyst fluid, but the puncture of a hydatid cyst is exceedingly hazardous to 
the patient. 

Epidemiology and Control. — The normal life-cycle of Echinococcus granu- 
losus involves dogs and sheep or cattle, man being an accidental host of 
the larva. For this reason, the infection is most common in the great 
grazing regions of the world, particularly Australia and New Zealand, 
North and South Africa, Iceland and southern South America. The inci- 
dence in cattle and sheep occasionally exceeds 50 per cent. The multilocular 
cysts are largely confined to central Europe and Siberia, and this has led 
some investigators to suggest that they are larvae of a different species of 
worm, E. multilocular is. This hypothesis has not been substantiated. It is 
weakened by the fact that most multilocular hydatids are sterile. 

■Control of the infection in domestic animals depends chiefly on pre- 
venting dogs from eating offal. Possibly infected waste material should 
be buried or burned. Prophylaxis of human infection requires measures 
to reduce the chance of contamination of human food and water by feces 
of dogs. 

Other Tapeworms Related to Taenia Solium. — Species of the genus 
Multiceps infect dogs as adults and sheep and other lower animals as larvae. 
The larva, known as a coenurus, resembles a cysticercus but has a number 
of scolices attached to a single bladder. In the brains of sheep the larvae 
produce a fatal disease, and occasional cases are known in man. 

Taenia pisiformis is a common tapeworm of dogs and cats, the larvae 
developing in the abdominal cavity of rabbits. Taenia taeniaeformis occurs 
commonly in the intestine of cats. The larvae in the liver of rats and mice 
are often associated with malignant tumors. This species is of interest for 
a number of immunological phenomena. Definite sex resistance is shown 
by the fact that female rats acquire fewer larvae from a given dose of eggs 
than do males. Castration of females or injection of male sex hormones 
reduces their natural resistance, while female hormones increase the re- 
sistance of the males.®® Age resistance is also demonstrable in rats. Ac- 
quired immunity is induced either by previous infection with the larvae 

6^ Turner, Dennis and Berberian: Jour. Egyptian Med. Assoc., 1935, i8:5Z6. 

Cf. Dennis: Jour. ParasitoL, 1937, 23:62. 

Campbell and Melcher: Jour. Infect. Dis., 1940, ^5:134. 
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or by immunization with worm material.®^ This immunity is dependent in 
part on antibodies transferable with serum. Two antibodies are detectable. 
One acting early in the infection prevents development of the larvae; it is 
elicited by both infection and vaccination and is removed from the serum 
by absorption with worm substance. The other acts late in the infection, 
aborting the development of the larvae in the liver, is detectable only after 
infection and is not absorbable with parasite material.®^ 

Hymenolepis Nana. — The human dwarf tapeworm, Hymenolepis nana, 
is a small worm 1 to 4 cm. in length with the mature proglottides 0.5 to 1 mm. 
in breadth. The scolex is basically like that of T, solium but smaller, about 
0.25 mm. in diameter. The mature proglottides are markedly different in 
appearance from those of T, solium, the width being more than four times 
the length. Three large testes occur in each segment. The uterus in the 
gravid segments is a large, irregular sac. The gravid segments are lisually 
destroyed in the intestine, releasing the eggs. 



Fig. 208. — ^Shells of some helminth eggs; X about 400. A, Ascaris lumhricoides (infertile). 
J5, Ascaris lumhricoides. C, Trichiiris trichiura. D, Ilymenolepis nana. 


H. nana is unique among human tapeworms in not requiring an inter- 
mediate host. The eggs (Fig. 208) hatch in the intestine of man to release 
an embryo which invades the tissues of an intestinal villus. Here, in about 
four days, it develops into a cysticercoid, a larva with a small bladder and 
a solid tail posteriorly. This larva breaks out of the intestinal wall, at- 
taches, and develops into the adult worm. Eggs are found in the feces about 
one month after infection. It is reported that several types of insects can 
serve as intermediate hosts, but they are probably unimportant in human 
spread of the parasite. Large numbers of worms are commonly found in an 
infected individual, and intestinal and nervous disturbances occur in chil- 
dren. Male fern extracts eliminate the worms. 

Man, monkeys and rodents are naturally infected. The rodent form has 
been called H, fraterna but is generally considered a variety of H. nana.^^ 
The parasite is cosmopolitan. It is much the most common tapeworm of 
man in the United States, especially prevalent in children, but occurring 
Miller: Proc. Soc. Exp. Biol. & Med., 1930, 27:926; ibid., 1931, 2^:467. 

•• Campbell: Jour. Immunol., 1938, 35:205. 

Shorb: Amer. Jour. Hyg., 1933, i8:74. 
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in all age groups. Age resistance has not been shown in man but is demon- 
strable in rats and mice. 

The lack of an intermediate host permits direct spread from man to 
man. It is not known whether the eggs can hatch without having reached 
the outside. However, an infected individual is particularly liable to rein- 
fection from fingers contaminated with his own feces. In this respect H. 
nana differs from the great majority of worm infections, which are numeri- 
cally stable in the absence of reexposure. 

The closely related H. diminuta of rats and mice is transmitted by 
several species of insect intermediate hosts. Occasional human infections 
have been reported, mostly in children. 

Tapeworms of Lower Animals. — Dipylidium caninum, a common 
parasite of the intestines of dogs and cats, measures 10 to 50 cm. in length. 
Each elongate, rounded matme proglottis contains two sets of reproductive 
systems, one opening on each side of the segment. The uterus breeiks up 







Fig. 209 . — Diphyllobothrium latum, A. Scolex; X 10. B, Mature proglottis; X 6. 
C, Egg; X 250. D, Procercoid; X 100. E, Sparganum: X 8. (Adapted from various 
sources.) 


into pouches, each containing several eggs. Dog hce and various species 
of fleas serve as intermediate hosts, the cysticercoids in the insects being 
infective when ingested. Young children occasionally harbor the adult 
tapeworm. 

Rare human infections with a number of other tapeworms of lower 
animals have been reported.^® 

DiphyUobotlirmm Latum. — The fish tapeworm of man, Diphyllo- 
bothrium latum, shows radical differences in structure and hf e-cycle from the 
species discussed above (Fig. 209). It is a more primitive type, in many 
respects showing strong resemblances to the trematodes. 

Morphology and Life Cycle. — The adult worm in the intestine of man is 
very large, often exceeding 10 meters in length. The scolex is an elongate 
ovoid structTxre, about 1 by 2.5 mm. in dimensions, bearing, instead of the 

70 c/. Faust: Human Helminthology. Lea & Febiger. Philadelphia. 1939. 
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circular suckers of T. solium, two elongated grooves which serve as attach- 
ment organs. The mature proglottis is broader than long, about 4 by 10 
mm. in size. The small testes are scattered throughout the lateral dorsal 
regions, emptying by fine ducts into the vas deferens. This coiled tube runs 
from the posterior center of the segment forward to the muscular cirrus, 
which opens into the ventral genital pore in the center of the anterior re- 
gion. The vagina extends from the genital pore back to the large ootype 
in the center of the posterior region. The ovaries lie on either side of the 
ootype, and the vitellaria are small follicles scattered throughout the 
lateral ventral regions. Arising from the ootype, the egg-filled uterus coils 
ihroughout the center of the proglottis, ending at the uterine pore just 
behind the genital pore. This permits escape of the eggs without rupture 
of the proglottis, so that, contrary to the usual situation as seen in T. 
solium, the eggs are released into the intestinal coti tents and escape in the 
feces. The spent proglottides at the end of the worm break off and are 
passed in the feces. 

The egg is undeveloped when it escapes in the feces, embryonal, ion re- 
quiring a week or more in water. Like the eggs of most trernatodes it is 
ovoid, with an operculum. Average measurements arc 65 by ii, .1 latching 
occurs by opening of the operculum to release a frec-swirnming, spherical, 
six-hooked embryo covered with long cilia. This embryo, the coracidium, 
dies within a few days unless it is ingested by a suitable small (aaistacean, 
one of several species of copepods of the genera Cyclops and Diaplorniis. 
Losing its cilia, the embryo reaches the body-cavity of the copepod and 
becomes, in two to three weeks, an elongated, solid body with a round tail 
bearing the six hooks seen in the embryo. This stage, the procercoid, is 
about 0.5 mm. long. 

If the infected copepod is eaten by a fish, the procercoid penetrat(^s the 
wall of the intestine aiid reaches the viscera or muscles. Here, irt a week 
or more, it transforms into the sparganum, a worm-like stage 0.5 to 2 cm. 
long with a rudimentary scolex at the anterior end. This stage, ingested 
by man in undercooked fish, develops to the adult worm in the intestine, 
and eggs may be found in the feces after three weeks or more. If the in- 
fected fish is eaten by another fish, the spargana become established in the 
tissues of the second fish and remain infective for man. Human infections 
have been known to persist for years. 

The Human Disease. — D. latum commonly produces multiple infections. 
The adult worms usually cause no symptoms, though in heavy infections 
intestinal disturbances may occur, sometimes with generalized edema. A 
small proportion of infected individuals show severe anemia, indistin- 
guishable from pernicious anemia. It is probable that the infection merely 
precipitates the condition in susceptible persons. Satisfactory data on 
acquired immunity are not available. Laboratory diagnosis depends on 
identification of the eggs in fecal smears, and extract of male fern eliminates 
the adult worms. 

Epidemiology and Control. — The adult worm parasitizes man, cats, dogs, 
bears and other fish-eating mammals, but man is probably the principal 
source of infection in endemic areas. Susceptible copepods are widespread. 
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and a variety of fish can serve as second intermediate hosts. Endemic 
centers are known in northern and central Europe, northern Asia, Japan, 
parts of Africa and the Great Lakes region of North America, many local 
populations showing 100 per cent infection. Personal protection depends 
on thorough cooking or freezing of fish from endemic areas and care in 
handling of such fish. Other control methods are aimed at the avoidance 
of water pollution with untreated human feces and at the supervision of 
transportation of possibly infected fish. 

Related Species , — Several related species of tapeworms, normally para- 
sites of lower animals, are reported occasionally in man. Man also occa- 
sionally harbors the spargana of several species of Diphyllohothrium, In- 
fection with these larvae in the subcutaneous tissues, muscles or eye is 
known as sparganosis. Among the larvae infecting man is Sparganum 
proliferum, which multiplies enormously in the subcutaneous tissues and 
may cause death. The adult worm of this species is unknown. Larval in- 
fections with Diphyllohothrium result either from ingestion of copepods 
in drinking water or from an Oriental practice of using split frogs as 
poultices. In the liatter case, spairgana in exposed tissues of the frog may 
enter the tissues of man. 

NEMATODA 

All the important human parasites in the phylum Nemathelminthes be- 
long to the class Nematoda. They are cylindrical, elongated worms, un- 
segmented and with a false body cavity which is not lined with peritoneum 
as in higher animals. Symmetry is primitively bilateral. Male and female 
reproductive systems usually occur in separate individuals noticeably dif- 
ferent in general appearance. Many are free-living and the parasitic species 
occur in a great variety of plants and animals. 

A number of nematodes and other Nemathelminthes of lower animals 
occasionally parasitize man. None is of sufficient importance for inclusion 
here."^® The structures and life-cycles of the human parasites are so enor- 
mously varied that it will be necessary to concentrate on a few examples. 
However, the pinworm, Enterohius vermicularis^ will serve to illustrate the 
fundamental morphology of the group. A word of caution is necessary here. 
The order of presentation of species in this section, based primarily on fife 
cycles, cuts sharply across the lines of zoological classification, separating 
closely related types and bringing together types of very different 
structure. 

Enterobixis Vermicularis. — The human pinworm, Enterohius vermic- 
ularis, normally inhabits the upper large intestine of man, occasionally 
invading the female genito-m-inary system. The female worm, about 1 cm. 
long by 0.5 mm. in diameter, is a spindle-shaped organism with a long, 
pointed tail (Fig. 210). The outer covering is a smooth, impervious, flexible 
cuticle, characteristic of nematodes in general. This cuticle, together with 
the fact that the body musculature is exclusively longitudinal, gives the 
worms a characteristic bending, wriggling type of movement. Among nema- 
todes the cuticle shows great variety of external structures — knobs, fins, 

71 For a detailed account of the nematodes cf. Chitwood and Chitwood: An Introduc- 
tion to Nematology. Monumental Printing Co. Baltimore. 1937. 
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papillae, etc. — which are of value in technical identilicatiou of species. 
The alimentary tract consists of a mouth at the anterior end, a muscular 
esophagus with a posterior bulbous enlargement, and a thin-walled intes- 
tine emptying through the anus near the posterior end.^^ The female re- 
productive system empties through a short vagina a little in front of the 
middle of the body. Extending forward and back from the vagina are two 
separate egg-producing systems. Each consists of a broad uterus filled 
with eggs, followed by a short narrow oviduct, which terminates in a long, 
thin ovary coiled about in the body cavity.^® The male is smaller, 2 to 5 
mm. in length and 0.1 to 0.2 mm. in diameter, the posterior end coiled into 
a tight spiral and lacking the pinlike tail of the female. The male repro- 
ductive system is a single tube consisting of a testis, a vas deferens, a semi- 
nal vesicle and a muscular ejaculatory duct, provided with glands, which 
empties with the intestine into a cloaca. A, sharp copulatory spicule can 
be extruded through the anus. The posterior end has minute expansions 
(more prominent in many other nematodes) to form a clasping hxiraa used 
in copulation. 




Fig. 210 . — Enierohius vermicularis. Above, female, X 15. Left, adult male, X 15. Right, 
egg, X 300. (Redrawn from Faust after Leuckart). 

Some of the eggs escape in the intestine, passing out in the feces, but 
usually the gravid females migrate out of the anus and disintegrate on the 
surrounding skin to release their eggs. The eggs are infective immediately. 
Ingested by man they hatch in the small intestine, where the worms ma- 
ture and mate before passing down to the large intestine. Eggs appear in 
the feces about two weeks after infection. The adults in the intestine are 
short-lived but infection is maintained or increased in the individual by 
self-infection and perhaps by hatching of eggs before escape from the in- 
testine. 

Pinworm Infection in Man . — The adult worms in the intestine have 
little or no effect on the host. However, they occur in the vermiform ap- 
pendix, and since they are said to be more common in diseased than in 
normal appendices, they have been suspected of an etiologic r61e in appen- 

Some nematodes, such as Trichinella spiralis, have a long non-muscular esophagus 
consisting of a thin-walled, narrow tube enibedded in a row of characteristic large cells. 

This type of egg-producing system is the rule in nematodes, but the number of 
such systems emptying into the vagina is variable from one to several, the human 
parasites showing one or two. 
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dicitis7^ The major symptoms result from disintegration of the females on 
the perianal skin. The consequent intense itching may induce insomnia 
and nervousness. Bacterial infection of the inflamed skin may result 
from scratching. There is no evidence of acquired immunity - 

Diagnosis is based on identification of eggs in the feces or, more depend- 
ably, in scrapings from the perianal skin. For the latter, the NIH swab, a 
square of cellophane examined microscopically after being rubbed over 
the skin, is particularly useful. Several drugs, particularly gentian violet 
and hexylresorcinol, are effective in eliminating the worms. 

Epidemiology and Control. — ^Man is the only host of E. vermicularis. The 
eggs are resistant to drying and may widely contaminate clothing, bedding 
and house dust, thus maintaining a constant source of infection in homes 
and institutions. The parasite is cosmopohtan. It is especially common in 
children, probably largely because their unsanitary habits allow greater 
chances of spread. Treatment of cases is useful in control, provided sani- 
tary measures are taken to minimize reinfection from the local environment. 

Related Species. — Similar nematodes occur in many lower animals and 
are sometimes economically important as minor disease agents. Species 
in rodents are often easily obtained for study as are several related para- 
sites of cockroaches. 

Trichuris Tricbiura. — Trichuris trichiura is a frequent inhabitant of 
the cecum, appendix and upper oolon of man. The anterior three-fifths of 
the adult worm, containing the non-muscular esophagus, is attenuated, 
and the general appearance of the body has given rise to the common name 
“whipworm.” Male and female worms are similar in size, 3 to 5 cm. long.*^® 
The adult worms, embedded in the intestinal mucosa, have been accused 
of a rble in the pathogenesis of appendicitis, but the evidence is inconclu- 
sive. In heavy infections they may cause intestinal distxrrbances and general 
toxic effects. Treatment with wild fig latex eliminates the worms. The eggs 
passed in the feces are thick-walled with a plug at either end, 53 by 22 /z 
in size (Fig. 208) . They are very resistant, surviving for months in contam- 
inated soil. The embryos, undeveloped at the time of passage, require 
two weeks to several months, depending on temperature and humidity, to 
reach the infective stage. Ingested with contaminated food or water, they 
produce adult worms in the intestine. Trichuris trichiura infection is world- 
wide but especially abundant in the tropics and subtropics because of poor 
sanitation and the effect of climate on development of the eggs. 

Ascaris Lumbricoides. — ^Widely known simply as the “roundworm” 
of man, Ascaris lumbricoides is a large parasite of the small intestine. The 
white or flesh-colored females measure 20 cm. or more in length by 5 mm. 
in diameter, the males, 16 cm. by 3 mm. The characteristic eggs, 45 to 
75 by 35 to 50 jjl, have a smooth inner and a roughly tuberculated outer 
shell and are undeveloped when passed in the feces (Fig. 208). In soil or 
water they become infective in a week or more, depending on environ- 
mental conditions, but may survive for several years despite drying, bac- 

Cf. Rector: Amer. Jour. Trop. Med,, 1943, 23:Z69. 

75 The basic morphology of T. trichiura is similar to that of Trichinella spiralis, 
page 757. 
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terial contamination or adverse chemical conditions. Ingested in food or 
water they hatch in the intestine. The embryos, however, do not develop 
directly to adults in this site. Gaining access to the circulation they are 
carried to the lungs and escape into the air spaces. Via the trachea they 
reach the pharynx and are swallowed. Partial development has occurred 
during the above migration. It is completed in the small intestine, where 
egg-producing adults are found about two and one-half months after in- 
fection. 

Passage of the migrating larvae through the lung may produce a severe 
broncho-pneumonia. Larvae filtered out of the circulation in abnormal 
sites induce local inflammatory lesions which are serious in certain. loca- 
tions, such as the brain. Adult worms in the intestine often cause no symp- 
toms. Particularly in heavy infections, however, intestinal and nervous 
disturbances may occur, and intestinal obstruction occasionally results. 
Various other injuries result from migration of the adult worms out of the 
normal habitat into the appendix, the bile ducts, the upper alimentary or 
respiratory tracts, the genito-urinary system or through the intestinal wall 
into the abdominal cavity. Hypersensitivity develops in both infected per- 
sons and biologists who have handled the worms, and severe anaphylactic 
reactions may occur in such individuals. 

Immunity to reinfection is not known in man but infection witlx related 
parasites in animals confers some temporary protection. Antibodies are 
detectable by various tests after either infection or vaccination with worm 
extracts, and considerable investigation has been devoted to antigenic 
analysis. An allergic skin test has been used in diagnosis but is often posi- 
tive in uninfected individuals who have acquired a hypersensitivity from 
contact with the parasite. Laboratory diagnosis is preferably based on the 
finding of eggs in stools. However, a small proportion of cases harbors 
only male worms, and in such cases the immunological tests can be 
used. 

Oil of chenopodium and hexylresorcinol are effective in removing the 
adult worms from the intestine. Some other drugs, particularly those used 
against hookworms (p. 753), cause the dangerous migration of adult worms 
mentioned above. 

Man is the only known host of A. lumbricoides. Infection predominates 
in children; that this results in part from age resistance is suggested by 
the marked age resistance of animals to related parasites. Infection is 
world-wide but most prevalent in the tropics and subtropics, where sani- 
tary and climatic conditions favor its dissemination. Control depends on 
the reduction of soil contamination by proper sewage disposal and treat- 
ment of infected individuals. Raw vegetables are an important source of 
the eggs and should be thoroughly washed. 

Related Species. — Cats, dogs, cattle, horses and other lower animals har- 
bor a number of closely related species. Rare human infections have been 
reported with at least three of these. A distinct race of A. lumbricoides 
causes a severe pneumonitis in young pigs, known as “thumps.” In man the 
eggs hatch and the larvae reach the lung but adult worms do not become 
established in the intestine. Similarly, the human A. lumbricoides develops 
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only to the lung stage in pigs.^® The adult worms are easily obtained from 
slaughter houses for laboratory study. 

Hookworms. — The two important hookworms of man, Ancylostoma 
duodenale and Necator americanus, will be discussed together. Known since 
antiquity, human hookworms were first accurately described by Dubini^® 
in 1843. Their relationship to disease was definitely shown by Perroncito^® 
in 1880, and the life-cycle was elaborated by Looss.®® 

Characteristics and Life-Cycle . — The adults of A. duodenale from the 
human small intestine are shown in Fig. 211. The female measures 1 to 1.5 
cm. in length by about 0.5 mm. in diameter. The double reproductive 
system coils abundantly throughout the body cavity. Two pairs of promi- 



Fig. 211. — Life-cycle of a hookworm, Ancylostoma duodenale. A, Female worm. 
B, Male worm. C and D, Eggs. E, First stage larva. F, Second stage larva. G, Infective 
larva. A and B; X 10: C-G; X 250 (Adapted from Looss). 


nent unicellular glands are seen in the anterior half of the body, one excre- 
tory in function, the other secreting histolytic enzymes. The dorsally 
directed mouth is characterized by two pairs of ventral teeth, whereas in 
N. americanus these teeth are replaced by curved cutting plates. The male 
measures a little less than 1 cm. in length by about 0.4 mm. in diameter. 
The reproductive system shows a long, muscular ejaculatory duct, a promi- 
nent seminal vesicle and a coiled testis. At the posterior end is a broad, 

76 Koino: Japan Med. World, 1922, 2:317. 

77 For a comprehensive book see Chandler, Hookworm Disease. The Macmillan Com- 
pany. New York. 1929, 

76 Dnbini: Ann. Univ. di Med., Milano, 1843, i06:S. 

79 Perroncito: Atti. Acad. d. Lincei, Roma, 1880, 7:381. 

69 Looss: Ministry of Education, Egypt, Records of the School of Med., 3, 4. 
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flat clasping apparatus, the copulatory bursa, composed of cuticle sup- 
ported by finger-like rays of tissue. A. daodenale and N, arnericanas can 
be identified by details of structure of this bursa as well as by the differences 
in buccal teeth noted above. 

The thin-walled eggs measure about 38 by 58 m and are indistinguishable 
in the two species. They are usually in early stages of development upon 
escape from the body, maturing and hatching within twenty-four hours if 
conditions are favorable in the soil. The larva, about 0.25 mm. in length, 
feeds on fecal material and grows in three days or more to a length of about 
0.4 mm. After moulting it continues to grow until, by the fifth day or 
later, it measures about 0.6 mm. These two stages, characterized by a 
bulbous esophagus, are known as rhabdiilform larvae. The third stage, re- 
sulting from a second moult, is a thinner form with a closed mouth and a 
finer esophagus. It is usually still surrounded by a ‘‘slieath,” the moulted 
skin of the preceding stage. This is the j^Zar/^orm larva, the infective stage 
for man. It does not feed but may survive long periods in the soil under 
favorable conditions. If the infective larva comes in contact with human 
skin, it actively penetrates through abrasions or hair follicles, reaches the 
circulation and is carried to the lungs. Here, like the migrating larva of 
Ascaris, it breaks out into the air spaces and reaches the intestine via the 
trachea and esophagus. After two further moults, the worms are mature. 
Egg production begins about one month after infection. 

Hookworm Disease, — Penetration of the skin by hookworm larvae pro- 
duces a dermatitis known as “ground itch” or “miner’s itch.” The adult 
hookworms live attached to the mucosa of the small intestine, feeding 
on blood and bits of tissue. They move about frequently, leaving bleeding 
wound’s in the intestinal mucosa. The chronic loss of blood causes anemia 
and edema, resulting, in severe cases, in retardation of growth and mental 
development and in weakness and general debilitation. Intestinal dis- 
turbances are seen in heavy infections. Death is rarely a direct result of 
hookworm disease, but the condition often contributes to death from other 
causes. In white persons the symptoms are directly related to the intensity 
of infection, which, because of the necessary development outside the 
body, is stable unless reexposure occurs. Individuals with fewer than 
twenty-five N, arnericanas virtually never show symptoms. Those with 
between twenty-five and one hundred worms show borderline effects. 
With more than one hundred worms some general injury is almost always 
detectable. A. daodenale is more harmful, about half as many worms being 
required to produce a given effect. Normally, infection is maintained by 
constant reexposure. In unexposed prisoners, however, it has been shown 
that about one half of the worms are lost in six months and about three 
quarters in two years. A smaller number persist for more than five years. 

Immxtnity. — Puppies can be largely protected against the dog hookworm 
by repeated small infections.®^ Recently similar partial protection has been 
reported in a human volunteer. That antibodies are involved is shown 

81 Otto and Kerr: Amer, Jour. Hyg., 19.S9, Sec. D 29:25; Otto, J. Parasitol. (SuppL), 
1938, 24:10. 

81“ Otto: Amer. Soc. Trop. Med. meeting, St. Louis, November, 1944. 
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by the fact that some protection is conferred on puppies by immune 
serum. 

Diagnosis. ^Diagnosis of hookworm infection is based on recovery of 
characteristic eggs from the feces- Direct fecal smears were formerly used, 
but many infections with fewer than twenty-five worms are not detected 
with this method. Essentially all infections are revealed by the Willis 
flotation method, in which the eggs rise to the surface of a brine suspension 
of feces and are collected on a large microscope slide inverted over the con- 
tainer. Because the number of hookworms present in an infected individual 
is^ so important, several quantitative diagnostic methods have been de- 
vised. In the Stoll method a measured quantity (4 cc.) of feces is mixed 
with dilute NaOH solution (56 cc.) and all the eggs in a known sample 
volume (0.075 cc.) of this suspension are counted. The Lane method, or 
D.G.F. (direct centrifugal flotation) can be applied to lighter infections. 
One cubic centimeter of feces washed by centrifugation is mixed with brine 
and recentrifuged with a cover slip on top of the tube. The eggs rise and 
can be counted on the cover slip as in the Willis method. Figures obtained 
by either of these methods are expressed as the number of eggs per gram 
of feces. A single female N. americanus produces about forty-five eggs per 
gram of feces (about 6000 eggs per day) so that twenty-five worms (males and 
females) produce about 600 eggs per gram and 100 worms produce about 
2500 eggs per gram. A. duodenale produces about twice as many eggs per 
worm, but because of the greater pathogenicity of this species the egg out- 
put gives a roughly equivalent index of the severity of infection in both 
species- 

A number of drugs are effective in eliminating hookworms from the in- 
testine. The best at present are tetrachlorethylene and carbon tetrachloride. 

Epidemiology and Control, — ^Worms morphologically similar to N. ameri- 
canus occur in pigs, but infection experiments indicate that they are dis- 
tinct from the human hookworms. Man is the reservoir of infection with 
both A. duodenale and N, americanus. 

There has been much study of the habits and requirements of hookworm 
larvae in the soil. The optimal temperatures eire about 75° F. for A. duo- 
denale and about 80° F. for TV. americanus. Consistent high temperatures, 
above 100° F., are unfavorable. At 60° F. development is prolonged to two 
weeks or more, and below 50° F. there is little or no development. Con- 
tinued temperatures below 40° F. kill the larvae. Moisture is essential to 
survival of the soil stages, but they die under water and are scattered by 
heavy rain. The type of soil is significant, probably largely in relation to 
its waterholding properties. Coarse sand and heavy clay are unfavorable, 
optimal development occurring in light sand or sandy loam. A large pro- 
portion of the infective larvae die within the first two weeks but a few sur- 
vive for several months under favorable conditions. Although lateral migra- 
tion from the site of development is insignificant, the filariform larvae 
can move considerable distances vertically in the soil. Unless excessive 
drying occurs, they remain at the surface, where the chance of contact 
with human skin is greatest. 

In addition to the environmental requirements of the larvae, various 
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human factors affect the distribution of hookworm infection. Fecal dis- 
posal practices and the use of shoes are among the most important. AJ] 
these factors combine to make hookworm infection a problem of the rural 
parts of warm countries. Exceptions occur in mines and tunnel-building 
operations, where local conditions may be favorable despite a generally 
unsuitable environment. N, americanus is the hookworm of central and 
southern Africa, the Western Hemisphere and southern India. Throughout 
the rest of southern Asia it is mixed with A. daodenale, and a few foci of 
A. duodenale occur in South America. In southern Eur'ope, European mines 
and North Africa only A. duodenale is found. 

In the southern United States infection is most common in children, 
largely because adults are protected from infection by wearing shoes. That 
age resistance, if it exists at all, is a minor factor is shown by the fact that 
in countries where the whole population goes without shoes infection may 
predominate in adults. Racial immunity is marked, and Negroes under 
comparable conditions have fewer and less intense infections than do 
whites. Furthermore, Negroes seldom show clinical symptoms even in the 
presence of heavy infections. 

Control depends on the redaction of soil contaminalion by treatment 
of cases and proper fecal disposal and on the prevention of contact between 
human skin and the soil. Chemical destruction of larvae in the soil has been of 
use only in particular cases, such as mines. Education is the major weapon 
in hookworm control, for the chief problems are sociological, cind biological 
knowledge of the parasite is adequate to insure successful hookworm eradi- 
cation if the habits of infected populations can be sufficiently influenced. 
Treatment of cases has an important place in hookworm campaigns. For- 
merly it was customary to treat all infected members of a commuruty, or 
even the whole community (mass treatment), if sample diagnoses showed 
abundant and heavy infections. Current opinion favors treatment of only 
the clinically significant cases. This has two great advantages. It simplifies 
the problem of preliminary surveys, since the search for infections may be 
limited to those population groups most likely to be heavily infected. In 
the second place, it avoids the educational disadvantages of treating per- 
sons who are not visibly benefited by the drug. In most regions the treat- 
ment of a small proportion of the population can eliminate most of the 
egg production. 

Hookworms of Lower Animals. — Various animals harbor hookworms. 
Two species, Ancylostoma hraziliense and A. canirmm of dogs and cats 
occasionally invade the skin of man. They are unable to develop further, 
and their wandering in the subcutaneous tissues produces a serpiginous 
dermatitis known as “creeping eruption.” The adults of A. hraziliense have 
been reported from man in the Far East. Other, more distantly related, 
parasites are important disease agents of livestock. 

Nippostrongylus muris of rats and mice is of interest because of extensive 
studies on the mechanisms of immunity. Serum antibodies have been shown 
to exert a direct action on the parasites in vitro, and these antibodies to- 

^ Andrews: Amer. Jour. Pub. Health, 1942, 52:282. 
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gether with tissue cells immobilize and destroy the larvae in the skin and 
lungs and destroy adults in the intestine.®^ 

Strongyloides Stercoralis* — Strongyloides stercoralis is a common in- 
testinal parasite of man in warm countries. It exhibits a life-cycle of ex- 
treme comple:aty, involving reproduction by adults in the soil as well as 
in the human intestine. Investigators working with different animal species 
of Strongyloides disagree on fundamental points and it is not clear whether 
or not these disagreements result from specific differences in the worms 
studied. 

Only females are known in the intestine of man. They are thin, trans- 
parent worrhs 2 to 2.5 mm. long by about 0.05 mm. in diameter. They lie 
buried in the mucosa of the small intestine and the thin-shelled eggs are 
deposited in the tissues, where they hatch to release rhabditiform larvae 
very similar to those of hookworms. Escaping in the feces the larvae undergo 
one of two types of development. They may moult to filariform larvae 
which penetrate the skin to establish infection. Alternatively, they may 
develop into the free-living males and females. The free-living female is 
stouter than the parasitic female and about 1 mm. long. The male is some- 
what smaller, about 0.7 mm. in length. Eggs produced by the free-living 
female hatch to release rhabditiform larvae which may continue the free- 
living cycle or may develop into infective larvae. The infective larvae, 
whether produced by free-Hving adults or developed directly from the 
rhabditiform larvae in the feces, penetrate the skin of man and reach the 
intestine via the circulation and lungs as in the hookworms. Male worms 
have, not been found in the intestine, but “parasitic” males like those in 
the soil have been reported®^ in the lung, and it has been suggested that 
fertilization occxxrs here or en route to the intestine, the males being qruickly 
lost.^® Since investigation of a related species in rats has shown that a 
single infective larva can give rise to a female in the intestine producing 
fertile eggs, it is clear that the parasitic males are not essential in the life 
cycle. Oviposition by females in the lung has also been reported.®^ A final 
complication is introduced by the reports that rhabditiform larvae might 
transform into infective larvae in the colon and penetrate its wall or the 
perianal skin to produce hyperinfections.^^ The various paths of develop- 
ment indicated above are shown in Fig. 212, the dotted lines indicating 
phenomena which are incompletely known. 

Penetration of the skin by the larvae causes dermatitis, and passage 
through the lung may give rise to a bronchopneumonia. The parasitic fe- 
males cause intestinal disturbances characterized chiefly by diarrhea. 
Laboratory diagnosis is based on identification of the rhabditiform larvae 
in the feces. Gentian violet has been reported active against the female 
worms in the intestine, but there is disagreement concerning its efficiency. 

Taliaferro and Sarles: lour. Infect. Dis., 1938, 64:3S; ibid.^ 1939, ^4:157. 

8-* Kreis: Amer. Jour. Hyg-, 1932, i5.-450. 

Faust: Ibid, 1933, i8:114, 

Graham: Amer. Jour. Hyg., 1936, 24*71; 1938, 27:221; 1939, 30 (sec. O): 15; Jour, 
Parasit., 1938, 24:233; 1939, 25:365. 

s^Fiilleborn: Arch. f. Schiffs.-u. Tropen.-Hyg. (Beih.), 1914, 5:26. 

JNishigori : Jour. Form. Med, Soc., 1928, 277:1. 
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The epidemiology of Stronglyloides stercoralis infection is similar to that 
of hookworm, and the same sanitary control measures apply. 

Trichiiiella Spiralis.®®"* — The “trichina” worm, Trichinella spiralis, was 
first seen in human muscles at necropsy by Tiedemann in 1821. Leuckart 
and others worked out the life cycle.®® The adult worms are intestinal para- 
sites of man and many other mammals, but their sojourn in the intestine 
is so brief that the more persistent larval infection in the muscles receives 
the main emphasis. The infective stage for man is a larva in the muscles 
of the hog. This stage is a minute coiled worm, about 1 mm. in length, 
enclosed in a lemon-shaped fibrous cyst, 0.25 by 0.5 mm. in dimensions. 
Ingested by a susceptible host the cysts reach the stomach, where the muscle 
and cyst wall are digested away. In about two days the larvae mature in 
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Fig. 212. — Schematic life-cycle of Strongyloides stercoralis. Broken arrows indicate rare 
or incompletely understood possibilities of development. 


the small intestine to adtxlt males and females. The male is a thin, trans- 
parent worm about 1.5 by 0.04 mm. (Fig. 213). The anterior half of the 
body is occupied by a nonmuscular esophagus like that of the closely- 
related Trichuris trichiura. At the posterior end are two pear-shaped clasp- 
ing lobes. The female is about 4 by 0.06 mm. in size. After fertilization the 
females burrow into the mucosa where, after about one week, they begin 
to deposit minute larvae, about 0.1 mm. in length, in the tissues. These 
larvae reach the general circulation and are filtered out in the skeletal 
muscles. There they grow in about two weeks to the infective stage. One 
month after infection the larvae are surrounded by a fully developed cyst 

An excellent general discussion is: Gould: Trichinosis. Charles G Thomas. Spring- 
field, lU. 1945. 

Leuckart: Untersuchungen fiber Trichina spiralis. Leipzig and Heidelberg. 1866. 
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wall, produced by the host tissues. Much later, probably only after death 
of the larvae, these cysts become calcified, but they are known to remain 
infective at least for several months. Any skeletal muscle may be infected, 
but the larvae are most abimdant in the diaphragm, intercostals, tongue, 
larynx and eye muscles. Meanwhile the adults have disappeared from the 
intestine. Most of the males die and are passed out within a week after in- 
fection. The females have largely disappeared within a month. It will be 
seen that the complete life cycle occurs in a single individual, for infective 
larvae are produced in the tissues of the same host which harbors the adults 
in its intestine. 

Trichinosis . — Trichinosis in man is characterized by two phases. Intense 
infection with the adult worms produces gastro-intestinal disturbances, 



Fig. .213 . — Trichinella spiralis. A, Larva in muscle; X 100. B, Adult female; X 50. 

C, Adult male; X 50. 


usually with diarrhea. Occasionally the injiuy to the intestine is so severe 
as to result in death within a few days after infection. Muscle invasion 
by the larvae leads to varied signs of toxemia and muscle injury. Heavy 
infections cause death or chronic illness of long duration. The severity of 
the disease is proportional to the number of larvae ingested, and many 
mild cases undoubtedly escape detection. 

Immunity to superinfection is demonstrable in experimental ammala 
and can be transferred with immime serum. Some protection may be pro- 
duced by vaccination with killed larvae but this is insufficient to be of 
practical value.®® Direct action of immime serum on the worms has been 

90 McCoy: Amer. Jour. Hyg., 1931, /4:484; 1935, 23f:200. 


\AarxV. 



758 Medical Parasitology 

described- Precipitin and skin tests are available using extracts of larvae 
digested out of infected muscle. The precipitin test becomes positive 
about three weeks after indfection, the skin test at about two weeks. They 
remain positive for several years. Precipitating antigen has been detected 
in the serum as early as twenty-four hours after infection, and this phenom- 
enon offers possibilities for early diagnosis. Other diagnostic methods 
involve search for the larvae in body fluids or tissues. During migration 
they may be found occasionally in blood or spinal fluid, but it is often im- 
possible to detect them. Muscle biopsies show the larvae in severe cases. 
Unfortunately, even if definite diagnosis is made, there is no known treat- 
ment for trichinosis. 

Trichinella spiralis occurs principally in man, hogs, rats and bears, al- 
though experimental infection has been produced in many species of mam- 
mals and birds. Human infection follows the consumption of undercooked 
pork, while pigs acquire the parasite from garbage containing pork scraps 
or, less commonly, by eating carcasses of infected rats. Trichinella spiralis 
is world-wide in distribution, though infection in the tropics is rare. In 
the United States routine necropsy examination of human diaphragms has 
revealed a general infection rate of bertween 14 and 28 per cent despite the 
fact that very few clinical cases are diagnosed. 

Personal protection can be assured by thorough cooking of pork prod- 
ucts, including hamburger of unknown composition. Governmeirt meat 
inspection does not attempt to detect Trichinella, for examination guaran- 
teeing safety is impractical, but refrigeration for twenty-four hours at 
— 18° C. destroys most of the larvae. Laws which forbid the feeding of 
raw garbage to hogs have been successful in reducing the incidence of in- 
fection. 

Wuckereria Bancrofti. — Of the several species of “filariar’ worms 
which parasitize man, Wuchereria bancrqfti is by far the most important. 
The disease, elephantiasis, was known in antiquity, but the larvae were 
first seen in 1863 by Demarquay and the adults by Bancroft in 1876. Man- 
son, in 1878, showed that development of the larvae took place in mos- 
quitoes.®^ This discovery is noteworthy because it represents the first in- 
crimination of an insect in the transmission of disease. 

Characteristics and Life-Cycle, — The adults live coiled in the lymph nodes 
of man. They are thread-like translucent worms, the female 7 to 10 cm. 
long by 0.25 mm. in diameter, the male 4 cm. by 0.1 mm. The egg, covered 
by a thin membrane, hatches in the uterus or in the host tissues to release 
an active larva about 0.2 mm. long. This larva, known as a microfilaria, 
escapes into the lymph and enters the circulating blood by way of the 
thoracic duct (Fig- 214). In most regions the larvae of W. bancrofti show 
marked nocturnal periodicity, occurring in the peripheral blood almost 
exclusively at night. In many of the South Pacific islands, however, they 
appear in the blood at all hours. Extensive study has failed to provide a 

« Badunan: Jour. Prev. Med., 1928, 2:513; 1929, 5:465. 

Bozicevich and Detre: Pub. Health Rep., 1940, 55:683. 

Augustine: Amer. Jour. Hyg., 1933, 47:697. 

Cf. Manson: Trans. linn. Soc. London, 1884, 2:367. 
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satisfactory explanation of this periodicity.®® There is no evidence as to 
the longevity of microfilariae in infected persons. In normal individuals 
inoculated with blood containing the microfilariae, they are said to survive 
for at least two weeks, but the situation may be quite different in persons 
harboring the adult worms. At any rate, the microfilaria develops no 
further in the circulating blood. If ingested by a susceptible mosqmto, 
however, it undergoes a series of transformations in the tissues of the m- 
sect. Within a day the larva leaves the stomach of the mosquito and in- 
vades the thoracic muscles. Here it develops into a stout “sausage larva,” 
which, after a second moult, elongates to form the infective stage, a thin 
worm 1.5 to 2 mm. in length. This infective larva leaves the muscles and 
migrates to the proboscis sheath of the mosquito. When the mosqmto 



takes a blood meal, the infective larva, apparently stimulated by the 
warmth of the skin, breaks out of the proboscis sheath and penetrates the 
skin probably through the wound caused by the biting moscpnto, to es- 
tablish infection in man. The early development of the worms in man is 
not known, but microfilariae appear in the circulating blood several monto 
after infection. Although the longevity of the adult worms in the lymph- 
atics has not been determined, they probably Uve for several years. 

Filariasis.— The adult worms are most prevalent in the lymph nod^ 
of the inguinal region, but they are also found m lymphatics els^here m 
the body. They induce inflammation and fibrosis in the infected nodes. 
The consequeirt restriction of lymph flow causes edema, lymphangitis, 
Cf. HiixmaQ: Jour. Trop. Med. and Hyg., 1937, 49:200. 
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lymphadenitis and elephantiasis. Secondary infection of the lymphatics 
with streptococci and staphylococci is often significant. Long-standing 
cases sometimes show enormous enlargement of the scrotum, vulva or legs. 

Evidence of acquired immunity is lacking, but complement-fixing anti- 
bodies are detectable in the serum, and skin tests are positive in infected 
individuals. The reactions are group-specific, occurring with extracts of 
filarial worms from lower animals. Laboratory diagnosis is preferably 
based on the identification of microfilariae in fresh blood preparations 
or stained thick blood films. They are often not detectable in early in- 
fections or in long-standing cases with much tissue damage. Other filarial 
worms infecting man (see below) also produce microfilariae in the circu- 
lating blood, but these can be differentiated microscopically from the larvae 
of W. bancrofti. Certain antimony compounds eliminate microfilariae from 
the blood, but it is not known whether they destroy the adult worms. 
Furthermore, it is not sure that living worms are more injurious than dead 
ones. 

Epidemiology and Control. — Man is the only known host of the adult 
worm. A large number of mosquitoes of the genera Calex, Aedes, Mansonia 
and Anopheles support development of the larvae, but the most important 
are Aedes variegatus in the South Pacific islands, Anopheles garnhiae in 
West Africa and Culex quinquefascialas (C. faligans) elsewhere. Tlicre is 
an interesting correlation between the habits of the mosciuito hosts and 
the periodicity of the microfilariae discussed above. Aedes variegatus bites 
by day, and it is in the regions where this mosquito transmits W. bancrofti 
that the microfilariae are found in the peripheral blood at all hours. In 
other regions, where the principal vectors attack man in the evening or at 
night, the microfilariae show a marked nocturnal periodicity. 

Because of a combination of factors, W, bancrofti is a parasite of warm 
countries, occurring widely throughout the tropics and subtropics. Climate 
favors the production of mosquitoes and the development of larvae of 
W. bancrofti in the insect, and the poorer housing of the tropics permits 
greater contact between mosquitoes and man. The slow development of 
human infections, the lack of multiplication of W. bancrofti in the mosquito 
hosts, and other hazards combine to limit dissemination of the parasite. As 
a consequence the infection seems to die out in an area unless there are 
many human cases and abundant mosquitoes. The only endemic center in 
the United States, around Charleston, South Carolina, where the incidence 
was 20 to 30 per cent before 1920, now shows very few cases. Control is a 
matter of mosquito reduction and protection from mosquito bites, atten- 
tion being directed to the habits of the particular vectors in any area. 

Other Species of Filarial Worms. — Wuchereria malayi, a species very 
similar to W. bancrofti, occurs in southern Asia, often together with W. 
bancrofti. Various species of Mansonia and Anopheles are the vectors. Loa 
loa inhabits the subcutaneous tissues of man in Africa and is called the 
‘‘eye worm” because of its habit of crossing the eyeball. Large temporary 
“calabar swellings” occur in the skin, but the infection is not serious. The 
microfilariae from the blood develop in deerflies of the genus Chrysops. 

“Brown: Jour. Amer. Med. Assn., 1944, i25:952. 
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Acanthocheilonema perstans and Mansonella ozardi are harmless parasites 
of human connective tissues. They are transmitted by midges of the genus 
Culicoides. Onchocerca volvulus lives in nodules in the skin of man in Africa 
and Central America. The microfilariae do not occur in the blood but are 
found in the skin. In or near the eye they may cause blindness. Black 
flies of the genus Simulium serve as vectors. Many other filarial worms 
are found in various mammals and birds. The dog heart-worm, Dirofilaria 
immitis, and several species in cotton rats are much used in laboratory 
investigation. 

The Guinea worm, Dracunculus medinensis, differs considerably from 
the other filarial worms infecting man. The small male worms are rarely 
seen. The females, after several months’ development in internal connec- 
tive tissues, appear in the subcutaneous tissues, usually of the leg. They 
are large worms, averaging about 1 meter in length, often visible through 
the skin as they lie in the tissues. The skin of the host ulcerates at the 
anterior end of the worm, and larvae escape, usually when the leg is s^- 
merged in water. These larvae develop in copepods, and human infection 
follows ingestion of the parasitized copepods in drinking water. The human 
infection, possibly the “fiery serpent” of the Bible, is found in Asia, Africa 
and parts of the West Indies and South America. Various lower ammals 
also harbor the parasite. 

Cf. Strong et ah: Amer. Jour. Trop. Med., 1938, iS, Suppl. to No. 1. 



CHAPTER 35 


THE RICKETTSIAE! 

The generic name Rickettsia is applied to a group of very small, gram- 
negative coccobacillary microorganisms which are the etiologic agents of 
the typhus fevers, spotted fever and related diseases, and tsutsugamushi 
disease of the Far East. They were first observed by Ricketts^ in 1909 as- 
sociated with Rocky Mountain spotted fever. Those found in bodies of 
lice taken from typhus fever patients by da Rocha-Lima^ in 1916 were 
named by him Rickettsia prowazeki in honor of Ricketts, who had died in 
1910 of typhus fever during an investigation of that disease, and of von 
Prowazek, another early worker in the field who died of typhus. 

Morphology and Staining. — ^The rickettsiae are small coccobacillary 
forms and may appear either as cocci or as short bacilli. They are usually 
0.3 to 0.5 M long and 0.3 /x wide, but bacillary forms may be as long as 
2 /X. Examination with the electron microscope has indicated that they 
closely resemble the bacteria in internal structure, being homogeneous or 
slightly granular.^ They occur singly, in pairs, and not infrequently in 
dense irregular masses in which no particular arrangement is apparent. 
Although sometimes found occurring free in the bodies of insects and in- 
fected persons and animals, the pathogenic forms proliferate only intra- 
cellularly and are usually observed, sometimes in large dense masses 
(Fig. 215), within the cells, particularly those of mesothelial origin which 
line the serous cavities. Some species of rickettsiae are found only in the 
cytoplasm while others invade the nucleus. They are non-motile and non- 
encapsulated. They are usually said to be non-filterable but Rickettsia 
diaporica readily passes diatomaceous earth filters. 

The rickettsiae stain very poorly or not at all with the usual aniline 
dyes but readily stain a reddish purple with Giemsa. A buffered methylene- 
blue stain and safranine counterstain devised by Castaneda® stains rickett- 
siae a light blue. The coccus and coccobacillary forms stain evenly, but 
bipolar staining of the bacillary forms is not uncommon. 

Cultivation. — ^The rickettsiae resemble the filterable viruses in that, 
with a single exception, they have not been cultivated in the absence of 
living cells. The exception is R. melophagi, a non-pathogenic form found 
in the sheep tick Melophagus ovinus, which has been grown on glucose 

1 Accounts of recent work on the rickettsial diseases may be found in the chapters 
by Wolbach, Pinkerton, Gordon and Zinsser in Virus and JRickeitsial Diseases. Harvard 
University Press. Cambridge. 1940. See also the review by Pinkerton: Bact. Rev., 1942, 
^.' 37 . 

2 Ricketts: Jour. Amer. Med. Assn., 1909, 52:379. 

3 da Rocha-Iima: Ber. klin. Wcbnschr., 1916, 5J:567. 

^ Plotz, Smadel, Anderson and Chambers: Jour. Exp. Med., 1943, 77:355. 

5 Castaneda: Jour. Inf. Dis., 1930, 47:416. 
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blood agar. Several of the pathogenic forms, however, have been grown 
in tissue culture, both in the usual plasma-tissue cultures and in various 
modifications of Maitland’s tissue-Tyrode medium. They also develop 
on the chorioallantoic membrane of the chick embryo. The pathogenic 
rickettsiae so cultivated remain virulent, and reproduction of the disease 
with such cultures may be regarded as at least a partial fulfillment of 
Koch’s second and third postulates. 

The cultivation of rickettsiae has assumed particular significance as a 
means of producing large amounts of material for the preparation of vac- 
cines. A number of methods have been devised for securing large numbers 
of rickettsiae, and, although some of them are not cultivation methods, 
they may be conveniently considered here. All are recently developed, 
and it is not as yet possible to assess their practical value for the produc- 
tion of vaccine material. 



Fig. 215. — ^Rickettsiae of American Q fever in a smear of skin exudate. Note the 
macrophage packed with enormous numbers of the rickettsiae. X 1125 (Dr. F. S. 
Markham). 

Use of Infected Insects . — Infected insects have been used as a source 
of rickettsiae in the preparation of vaccines for spotted fever in this coimtry 
and for classic typhus in Europe. Spencer and Parker® have prepared sus- 
pensions containing large numbers of spotted fever rickettsiae by grinding 
the viscera of infected ticks. The rickettsiae are killed with phenol. A simi- 
lar method has been used by WeigP for the preparation of vaccine material 
containing the rickettsiae of classic typhus fever. The viscera of lice in- 
fected by intrarectal inoculation are ground and the killed suspensions 
used as a vaccine. The yield is not great. 

Use of Infected Animals , — Heavy suspensions of the rickettsiae of 
muring typhus may be obtained from the peritoneal cavity of rats inoc- 
ulated intraperitoneally five days before. The resistance of the rats is 

® Spencer and Parker: Puh. Health Repts., 1925, 40:2159. 

^ Weigh Bull. Intemat. d. I’Acad. Polonaise d. Sc. e. d. Lettres, 1930, p. 25. 
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feduced by x-ray irradiation, the injection of benzol or maintenance on 
a deficient diet.® It has also been shown by Castarmda® that an experi- 
mental pneumonia may be produced in rats and other animals by Uie in- 
tranasal inoculation of murine-typhus rickettsiae. The rickettsiae of classic 
typhus will produce a similar infection but very few are found in the lung 
tissue. Recently Castaneda and Silva^® have reported that multipUcation 
of the classic type of typhus rickettsiae is much more pronounced when 
they are inoculated simultaneously with the murine variety. In eitlier case 
enormous numbers of rickettsiae are found in the lungs and, when these 
are ground and centrifuged free from cellular debris, heavy suspensions of 
rickettsiae are obtained. Formolized suspensions prepared in this way are 
widely used in Mexico in prophylactic immunization against murine typhus 
fever. 



Fig, 216. — Rickettsiae of American Q fever in the yolk-sac emulsion from egg culture 
by Cox’s method- The morphology is typical of rickettsiae in general; note the occurrence 
of paired microorganisms. X 1125 (Dr. F. S, Markham). 

Culture . — As indicated above, the rickettsiae proliferate only in the 
presence of living cells. Some type of tissue cul ture is, therefore, obligatory 
in their cultivation apart from the host. Although they may be grown on 
the chorioallantois of the developing chick embryo only small numbers are 
produced. They have also been cultivated in a modified Maitland medium 
(minced guinea pig tunica vaginalis suspended in a mixture of serum and 
Tyrode’s solution). Zinsser, Fitzpatrick and Wei^° devised a culture method 
which makes use of a modification of the Maitland method; minced em- 
bryonic chick tissue is inoculated with rickettsiae and spread on the sur- 
face of a Tyrode solution-serum agar slant. In these cultures proliferation 
of the rickettsiae is not associated with active host cell multiplication; 

* Zinsser and Castaneda: Jour. Immunol.. 1931, 2f;403; Proc, Soc. Exp. BipL Med., 
1931-32, 2P;840. 

^ Castaneda: Amer. Jour. Path., 1939, i5.-467. 

Castaneda and Silva: Proc. Soc. Exp. Biol. Med., 1944, 57:80. 

Zinsser, Fitzpatrick and Wei: Jour. Exp. Med., 1939, 69:179. 
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rather the rickettsiae appear to reach a height of proKferation as the host 
cells begin to die. 

A different and more successful method of growing rickettsiae has been 
devised by Cox^^ which consists of cultivation in the yolk sac of the develop- 
ing hen s egg. The rickettsiae are found in huge numbers in the contents of 
the sac (see Fig. 216), It was believed for a time that extracellular multi- 
plication occurred, but it is now known that proliferation of the rickettsiae 
occurs entirely within the lining cells of the yolk sac and they are liberated 
as the cells disintegrate. This egg culture method has been widely used 
for the preparation of vaccines. On the death of the embryo, the embryonic 
tissue is suspended in phenol-formol saline and the rickettsiae washed free 
by centrifugation. A liter of vaccine may be prepared from 200 eggs. 

Resistance, — ^The rickettsiae are not hardy organisms and are killed 
by heating to 50° C. for a few minutes, and die out, usually within a few 
hours, at room or incubator temperature in infectious blood and similar 
materials. It has been reported, however, that sealed Maitland medium 
cultures remain infectious even up to a few months at 37° Rickettsiae 
may be preserved in infected tissues stored at —20° C. or in lyophilized 
material for several months. Like a number of the viruses they are resis- 
tant to glycerine, and tissues suspended in glycerine and stored in the 
refrigerator retain infectivity for several months. In general, however, 
they do not survive more than a few hours apart from the host cells. Their 
resistance to disinfectants is of the same order as that of the more delicate 
bacteria. 

Pathogenicity, — The rickettsiae appear to be well-established para- 
sites of arthropods and there is good evidence for the acarinid origin of all 
the rickettsial diseases.^^ They are not pathogenic for the insect vectors 
which transmit them, except lice, and, in fact, the infection is hereditary in 
insects undergoing an incomplete metamorphosis, viz,, the ticks. They also 
appear to be reasonably well adapted to the animals, especially rodents, 
which in many instances constitute a reservoir of infection in nature- Dis- 
ease may be produced experimentally in the guinea pig, however, the usual 
procedure in isolation of rickettsiae being the intraperitoneal inoculation 
of 5 ml. of blood in each of two animals.^^ A febrile attack occurs in seven 
to twelve days and some varieties of rickettsiae produce a characteristic 
orchitis or scrotal reaction. An acute fibrinous exudate is formed in the 
scrotal sac and many cells packed with rickettsiae may be found. The 
disease in the guinea pig is often not fatal, however, and this animal is 
much more resistant to infection than is man. Other laboratory animals 
are more resistant, and rats, mice, rabbits, dogs, cats, etc., may show no 
febrile reaction or other outweud manifestation of disease though the infec- 
tion has been established and in some cases, at least, persists for months. 

The pathogenicity of the rickettsiae for man is often very high; certain 


Summsirized in detail by Cox: Science, 1941, 94:399. 

12 Nigg: Jour. Exp. Med., 1935, 6f:17. 

13 Huff: Quart. Rev. BioL, 1938, d3:196. 

1^ For a discussion of laboratory diagnostic procedures see Findlay: Proc. Roy. Soc. 
Med., 1941, 35:157. 
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stoins of spotted fever rickettsiae produce a case fatality rat,e of 90 per 
cent or more and the rate in epidemic typhus may reacih 70 p(U' cent though 
it is ordinarily somewhat less than half that. Others, however, produce 
only a relatively mild disease. Variation in virulence from strain to strain 
for both experimental animals and naan is marked. The various types of 
rickettsial infection in man are considered in later sections. 

The characteristic pathologic changes found in rickettsial disease re- 
sult from the multiplication of the microorganisms within the endothelial 
cells of the small blood vessels throughout the body, and especially in 
the skin and brain in the case of typhus fever. It has been reportecb® that 
typhus rickettsiae contain a specific endotoxin but this is not established 
as yet. 

Immunity. — Recovery from an attack of ricikettsial disease? usually 
confers a solid and lasting immunity. The development of artificial 
immunization procedures will be considered later but it may be? noted here 
that the immune response is manifested by the appearance of protective 
antibody, of opsonins and agglutinins for the ricjkejttsiae?, and of c?omplc- 
ment-fixing antibody. Tlie last has been of a good deal of inte?rcst recently 
as a differential diagnostic method and it is reported to distinguish even 
closely related varieties of rickettsia.^® 

The WeiUFelix Reaction . — In some rickettsial diseases agglutinins ap- 
pear to certain strains of Proteus. This apparently anomalous response 
was observed by Weil and Felix^^ in 1915 and has very considerable? diag- 
nostic value. They found that a strain of Proteus vulgaris, whicli they de- 
signated X-2, was agglutinated by typhus sera, ai?d another strain, (i(?Big- 
nated X-19, was similarly agglutinated but to much higher tite?r; in fact, 
titers as high as 1:50,000 are occasionally observ(?d in European typhus. 
It was further shown that the agglutinating antigen was a part of the 
heat-stable somatic or 0 antigen; these strains are, therefore, commonly 
termed OX strains. Other strains showing this immunological character- 
istic have been isolated since. It is of some importance that an 0 antigen 
be used in carrying out the agglutination because antibody to the liagellar 
antigen of Proteus occurs with some frequency in normal sera. More general 
application of this agglutination test, commonly known as the Weil-Felix 
reaction, showed that it is specific for the typhus group of fevers, sera 
from other rickettsial diseases agglutinating only to low titer or not at all. 
A.S pointed out elsewhere (p. 479), the phenomenon is a consequence of 
the presence of a common antigen in Rickettsia prowazeki and the X strains 
of Proteus. 

The Proteus agglutinin is only a part of the antibody response. It is 
not identical with the rickettsia agglutinin for the latter appears earlier, 
persists longer and appears to be associated with protective antibody.^® 
Furthermore, the opsonin remains in typhus serum after it has been ab- 
sorbed with Proteus. 

“ Otto and Bickhardt: Ztschr. f. Hyg. 1941, i23:Ml. 

“ Cf. Plotz: Science, 1943, 97:20. 

Weil and Felix: Wien. klin. Woch,, 1916, 29:974. 

Cf. Fitzpatrick and Hampil; Amer. Jour. Pub. Health, 1941, 5i:1301. 

Castaneda: Jour. ImmunoL, 1936, 31:227. 
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Another immunological type of Proteus, the OX-K strains, was found 2 ® 
to be agglutinated by tsutsugamushi sera but not by typhus sera. This, 
coupled with the OX-19 type, makes possible the division of the rickettsial 
diseases into three groups, the typhus group in which OX-19 is agglutinated, 
the tsutsugamushi group in which OX-K is agglutinated, and the spotted 
fever group which is indeterminate in that neither type of Proteus is agglu- 
tinated to high titer. A classification of the rickettsial diseases on this 
basis is given in the accompanying table. 

The significance of the Weil-Felix reaction is wholly unknown. The 
occurrence of one common antigen, or more specifically a polysaccharide 
haptene, in two such different microorganisms might of course occur purely 
by chance. The occurrence of a second common antigen, shared by another 
variety of Proteus and another group of rickettsiae, on the basis of chance 
alone is highly improbable. There is no evidence, however, which points 

IMMUNOLOGICAL (WEIL-FELIX) GROUPING OF RICKETTSIAL DISEASES* 


Immunological Group 

OX-19 

OX-19 

OX-2 + 

OX-K - 

OX-K 

OX-19 - 

OX-2 - 
OX-K + + + + 

Undetermined 
OX-19 + 

OX-2 -4- 
OX-K -f 

Classic, European typhus 

Brill’s disease 

Endemic, murine typhus of 
United States, Australia, 
Greece, Syria, Manchuria, 
Malay (shop typhus), India, 
Burma, Philippines, Hawaii, 
Toulon (fievre nautique) 

Tsutsugamushi of Japan, 
Formosa, Malay, Nether- 
lands East Indies. 

Scrub typhus” or “rural 
typhus” of Malay, N. E. I., 
French Indo-Ghina, India, 
Australia 

Mite fever of Sumatra 

Spotted fever 

Sao Paulo typhus 

Fievre boutonneuse 
Fievre exanthematique 
Febbre errutiva 

Tick fever of South 
Africa 

Kenya fever 

Tick typhus of India 


* Modified from Felix: Brit. Med. Jour., 1942, ii:497. 


to any other connection between Proteus and the rickettsiae. There is, 
for example, no association between the X strains and typhus; X strains 
are found in diseases other than typhus, and Proteus strains other than 
X strains are found in typhus. Proteus infections, of course, often result 
in the formation of specific agglutinins; Dammin and Billings, for ex- 
ample, have found that the sera of persons infected with Pr. vulgaris, Pr. 
mirahilis or Pseudomonas pyocyanea will agglutinate OX-K strains of 
Proteus to a high titer. Such persons might be said to give a positive Weil- 
Felix reaction. 

Classification. — The rickettsiae appear to be intermediate between 
the bacteria and the viruses. Most of the pathogenic bacteria that are 
obhgate parasites in that they are incapable of a successful saprophytic 
existence are readily cultivable on artificial media, in some cases very simple 
media. In the host they may be actually outside the tissues proper as in 

20 Fletcher and Lesslar: Bull. Inst. Med. Res., F. M. S., No. 2, 1925. 

21 Dammin and Billmgs: Jour. Immunol., 1942, 44:251. 
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RICKETTSIAL 


Typhus group 

Rickettsia 

Distiase in Man 

Name 

Synonyms 

Ricketlsia prowuzeki 


Kuropenn typhus, classic ty- 
phus, (‘-pithanic typhus, louse- 
home typhus 

Brill’s diseaao 



Ricketlsia prowazeki 

R icketts ia rnur icola 

Murine typlms, endemic ty- 
phus, tick typhus 

Shop typhus 

Toultm typhus (lievre nau- 
ti(iue) 

Moscow typhus 

Manchurian typhus 

Tabardillo (M[<^xican typhus) 


Spotted fever group 

Rickettsia ricketlsii. . . 

Dermacentroxenus 

rickettsii 

Bocky M ouniaia sjmttod fever, 
si>oLted fever 

ftickeltsia. ricketfsii. . . 

Rickettsia rickettsii 
var. brasiliensis 

Sho Paulo typhus 

Tohia fever ((Colombia) 

Bickellsia rickettsii. . . 

Ricketlsia rickettsii 
var. Conor i 

Ricketlsia conori 

l^iiWre houloninnisci (Marseilles 
fever) 

Kenya typhus 

Rickettsia rickettsii. . . 

Ricketlsia rickettsii 
var. pijperi 

African tick fevc^r 

Tsutsugamushi 

group 

Rickettsia orientalis . . . 

Rickettsia tsatsuua- 
mushi^ 

Rickettsia nipponica 
Rickettsia akarnushi 

Tsulsugatnushi dis(Mise, Kedani 
fever, Jai>anese Hood fevtsr 
(Jai>an) 

Rural typhus, scrub typhus 
(Malaya) 

Mil.e fever (Sumatra) 

Unrelated group 

Rickettsia diaporica. . . 

Ricketlsia burneli 

fever 

American Q ft^ver 

Nine-mile lever 

Rickettsia pedicuti. . . . 

Ricketlsia quin, tana 
Ricketlsia wolhyriica 
Ricketlsia weigli 

Trench fever, Wolhynian fever 


the case of the dysentery bacilli and the cholera vibrio, but in most in- 
stances they are tissue parasites. With Pasteurella tularensis and Barlomlla 
hacilliformis an intracellular existence is the rule but both can be cultivated 
on lifeless, though complex, media. The rickettsiae, while morphologically 
resembling bacteria, are intracellular parasites that cannot be grown in 
the absence of living cells and in this respect they resemble the viruses. 
In fact, the elementary bodies of certain of the larger viruses, such as 
psittacosis virus, are morphologically indistinguishable from small rickett- 
siae; conversely, rickettsiae found in the lungs of infected animals closely 
resemble the forms described in the developmental cycle of the psittacosis 
virus22 (see also p. 822). The resemblance is also apparent in other respects 
for the pneumonitis produced by Rickettsia diaporica of American Q fever 

^ Begg, Fulton and van den Ende: Jour. Path. Bact., 1944, 5^:109. 
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DISEASES OF MAN 


Weil-Felix Type 

Scrotal 

Reaction 

Vectors 

Vertebrate 

Reservoir 

Geographical 

Distribution 

ox-19 

+ 

Pediculus humanus 

Man 

Kurope, Asia, South 
America 

ox-19 

+ -h + 

Xenopsylla cheopis 

Xenopsylla astia 

Polypax spinulosa 

Rat, squirrel, shrew 

World-wide 

Indeterminate 

+ + + 

Dermacentor andersoni, D. vari- 
abilis, 

Hemaphy salts leporis-palustris 
Possibly Amblyomma ameri- 
canum, A.cajennense^ Derma- 
centor occidentalism D. parum- 
aperiuSm Ornithodorus park- 
eri, Rhipicephaliis sanguineus 

Small rodents, rab- 
bits, goats 

Continental United 
States 

I ndeterminate 

+ + + 

Amblyomma cajennense, A. stri- 
atum, A. brasiliense 

Dog, opossum 

Brazil 

Colombia 

Indeterminate 

+ + + 

Ehipicephalus sanguineus 
Amblyomma nebraeum 

Dog 

Small rodents? 

Mediterranean, 
South Africa 

I ndeterminate 


Amblyomma hebraeum, Bhipic- 
ephalus appendiculatus, Hem- 
aphysalis leachi, Boophilus de- 
coloratus 

Small rodents? 

Dog? 

South Africa, 
Abyssinia 

OX-K 


Trombicula akamushi, 

! 

Trombicula deliensis, i 

Trombicula schuffneri (Malay, 
Sumatra) 

Microius monte- 

belli (Japan) 

Mus concolor, 

Mas diardii 
(Malay, Sumatra) 

Japan 

Sumatra, Malay 

Indeterminate 


Hemaphy salts humerosa 
Dermacentor andkrsoni, D, occi- 
\ dentalis, Amblyomma ameri- 
canum 

Bandicoot 

Small rodents? 

* Australia, western 
United States 

? 

! ? 

i 

Pediculus humanus 

\ 

Man? 

Europe 


very closely resembles that produced by the psittacosis virus. Clearly, 
then, it is possible to set up a continuous series of parasitic types in which 
the ricksettsiae occupy an intermediate position. 

The question of the formal classification of the rickettsiae is another 
matter. As yet too little is known of the interrelationships of these micro- 
organisms to permit subdivision on a basis other than that of expediency. 
Although it is clear that differences of generic status exist, it is generally 
agreed that formal classification is prematirre at present.^® The generic 
name Rickettsia has been generally adopted except in the case of the spotted 
fever rickettsia, which was named Dermacentroxenus rickettsii. It is hardly 
justifiable to single out this one type and here this microorganism will be 
designated Rickettsia rickettsii. 

23 See, however, Philip: Amer. Jour. Hyg., 1943, 57:301. 
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spinulosa.^^ The disease may also be transmitted by the human louse and, 
when a case occurs by transmission from the rat in a community where 
there are lice in abundance, murine typhus may become an epidemic louse- 
borne infection. Such epidemics occur from time to time in Mexico. Murine 
typhus occurs with considerable frequency in this country, and approxi- 
mately 20,000 cases were officially recorded in 1932-1941. Georgia is the 
chief endemic center with about 1000 cases per year, the other southern 
states contributing the remainder. Isolated cases are reported from widely 
scattered regions including Boston, New York, St. Louis, Cleveland, etc., 
and the disease is apparently slowly spreading.*^^ Control is essentially a 
matter of rat controL^^ 

Murine typhus also occurs elsewhere in the world and is known by 
various names. The urban type occurring in Malaya or “shop typhus,” 
the mild form of the disease in the Mediterranean region known as Toulon 
typhus, and other infections such as Moscow typhus, Manchurian typhus 
and the Red Fever of the Congo are all murine typhus identical or nearly so 
with the type found in the United States and Mexico. 

Clinically murine typhus does not differ appreciably from the classic 
European type. Both may exist in endemic and epidemic form and the 
differentiation between endemic (murine) and epidemic (European) ty- 
phus is not sound. It is not infrequently said that the European disease is 
the more fatal, but this does not appear to be true; both forms are equally 
fatal in epidemic form and relatively mild in the endemic form. 

Differences between the two varieties of R. prowazeki are demonstrable 
but not great. The murine rickettsiae produce a necrotic scrotal reaction 
in guinea pigs, while the European variety does not; the murine variety 
may be carried indefinitely in mice without alteration, but tlie European 
variety tends to degenerate; the rickettsial pneumonia and the intraperi- 
toneal multiplication in rats with the production of enormous numbers of 
rickettsiae noted earlier may be produced by the murine variety but not by 
the European type alone. There is a slight immunological difference also, 
for, while recovery from either infection results in a solid and lasting im- 
munity to both, murine vaccines protect against murine infection but 
only incompletely against infection with the rickettsiae of European 
typhus. Plotz^^ has found that the two may be differentiated by comple- 
ment fixation. 

The Weil-Felix Reaction in the Typhus Fevers. — -As indicated 
earlier, the agglutination of Proteus OX-19 strains is a valuable adjunct in 
the diagnosis of these affections. The agglutinin appears relatively early, 
reaching a titer as high as 1:400 by the end of the first week and rising 
to 1.T600 or above by the end of the second week. It drops thereafter, 
falling to 1 :400 or less by the eighth or ninth week after onset. There is, 
of course, great variation in the observed titers. 

30 Cf Dyer et al: Pub. Health Repts., 1931, 4^:334, 470, 1869, 2481; Mooser, Casta- 
neda and Zinsser: Jour. Exp. Med., 1931, 54.*567. 

31 Topping and Dyer: Amer. Jour. Trop Med., 1943, 2S:37. 

32 Cf. Eskey: Pub. Health Repts., 1943, 55:631. 

33 Plotz: Science, 1943, 97:20. 
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Normal serum from persons living in endemic localities often shows 
an agglutinin titer of 1 :50 and titers as low as this are regarded as negative, 
1:100 as suggestive, and 1:200 as diagnostic. The Weil-Felix reaction shows 
an anamnestic response in a number of febrile diseases, especially in typhoid 
fever. In typhoid fever, however, the titer of the Weil-Felix reaction does 
not continue to rise after the first week, whereas typhoid bacillus agglu- 
tinins continue to rise in titer. 



Fig. 217. — The world-wide distribution of typhus fevers, including classic or European 
typhus, murine typhus and mite typhus of the Far East. Redrawn from maps prepared 
by Army Medical Intelligence, 1943. (Based on Goode Map No. 201M. By permis- 
sion of the University of Chicago Press.) 


Though classed as an indeterminate immunologic type, spotted fever 
frequently shows a considerable agglutinin titer for Proteus and differen- 
tiation from murine typhus may be difficult. Differential diagnosis may 
be established by complement fcation with rickettsial antigen.^^ Micro- 
scopic or macroscopic agglutination of rickettsial antigen appears to be 
practical but has not as yet been generally applied for diagnostic purposes.®^ 

THE SPOTTED FEVERS 

The rickettsial diseases which make up the spotted fever group are con- 
siderably more heterogeneous than those of the typhus fever group. Several 
of them are but poorly understood as yet. All are, however, transmitted 
by ticks, although some differ immunologically and clinically from Rocky 
Mountain spotted fever. 

34 Bengtson and Topping: Amer. Jour. Pub. Health, 1942, 52:48. ‘ 

3® Cf. Van Rooyen and Bearcroft: Edinburgh Med. Jour., 1943, 50:257, 
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Rocky Mountain Spotted Fever. — Clinically Rocky Mountain spot- 
ted fever resembles typhus fever; the rash is generally more extensive 
and the nervous symptoms may be more pronounced, but in areas where 
■ both diseases prevail it is exceedingly difficult to distinguish them on clini- 
cal grounds alone. 

The disease has been known for many years in the Rocky Mountain 
region in states such as Idaho, Montana, Wyoming, Oregon, and Wash- 
ington. In 1930, however, it was found^® in the eastern part of the United 
States in the South Atlantic states such as Maryland, Virginia, West Vir- 
ginia, and North Carolina. Although the disease is not limited to these 
regions, of the 2190 cases reported from 1933 to 1937, 65.5 per cent were 
from the Mountain and Pacific states and 27.4 per cetit from the South 
Atlantic group; the two areas combined accounted for 93 per cent of the 
total cases reported in the country. 

It is customary to speak of two types of the disease, an eastern type 
and a western type. Both are, however, immunologically identical and are 
caused by the same rickettsia, Rickettsia rickettsii (Derrnacentroxenus 
rickettsii), which, in contrast to the typhus rickettsia, is found within the 
nucleus of invaded cells. Both are transmitted by ticks, but by different 
species. The wood tick, Dermacentor andersoai, is the vector of the disease 
in the western states, and the dog tick, Dermacentor variabiUs, transmits 
the disease in the Atlantic region. The rabbit tick, Hemaphysalis leporis- 
palastris, disseminates the infection in the animal population. Arnblyomma 
americanum, A. cayennense, Dermacentor occidentalism Rhipicephalus san-- 
guineuSm Dermacentor parumapterus and Ornithodorus parkeri are able to 
transmit the disease experimentally and are to be regarded as potential 
vectors. The disease is hereditary, i.e., is transmitted from one gcncjration 
to the next, in D. andersonim but whether it is hereditary in the dog tick is 
not clear. In the first instance, then, there need be no animal reservoir of 
infection. In the second, the dog may serve as a temporary reservoir of 
infection. The epidemiology of the eastern variety, however, is not well 
, understood. 

The case fatality of spotted fever is highly variable. In Idaho it has 
been about 4 per cent, in western Montana about 20 per cent, and in cer- 
tain regions of the Bitterroot Valley it is as high as 90 per cent. Over the 
country as a whole, however, the rate is 18 to 19 per cent. It is generally 
said that the disease is milder in the Atlantic region than in the Mountain 
states, but over a period of years there is little difference in case fatality; 
for the period of 1933-37 the case fatality in the Mountain and Pacific 
states was 19.4 per cent and for the South Atlantic states 18.1 per cent.®’’ 

Spotted fever was transmitted to guinea pigs and monkeys by Ricketts.®® 
Guinea pigs show a febrile reaction, the spleen is enlarged, and the necrotic 
scrotal reaction occurs. Castaneda and Silva®^ have found that there is a 
slight cross protection between spotted fever and typhus. 

^ Rumreich, Dyer and Badger; Pub. Health Repts., 1931, 46:463, 470. 

For further detail see Topping: Pub. Health Repts., 1941, 56:1699. 

Ricketts: Jour. Inf. Dis., 1907, 4:141. 

Castaneda and Silva: Jour. Immunol., 1941, 42:1. 
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A soUd immunity appears upon recovery from the disease, and active 
immunization with the vaccine prepared from the viscera of infected ticks 
may be carried out."^® This vaccine confers full protection against mild 
strains but only occasional protection against the highly virulent strains 
of rickettsiae. The duration of the immunity probably does not exceed one 
year and annual re vaccination is necessary. There is some evidence that 
persons who are successively vaccinated are better protected than those 
receiving but a single dose. Some fifteen years’ experience with this vaccine 
has been summarized by Parker.^^ It has remarkable keeping qualities; 
three samples stored for twelve to fourteen years in the refrigerator were 
found to retain full potency. 

The therapeutic use of immune serum has been a distinct possibility; 
recent experimental trial of immune rabbit serum in human cases of spotted 
fever has suggested that it has definite therapeutic value.^® 

Sao Paulo Typhus* — ^The disease termed Sao Paulo typhus is not 
typhus but is immunologically identical with spotted fever. The symptoms 
are very similar to those of spotted fever, and the case fatality is very high, 
possibly 70 per cent. It also produces the necrotic scrotal lesions in the 
guinea pig. It is transmitted by the tick Amblyomma cajennense. 

Fievre boutonneuse (Marseilles fever) is a disease prevalent in the 
region of the Mediterranean and Black seas. The animal reservoir of infection 
is the dog, and the disease is transmitted by a hereditary tick vector, jRhi- 
picephalus sanguineus. The disease is immunologically very closely related 
to spotted fever but may be differentiated by complement fixation^^ and 
differs somewhat in its clinical aspects. It runs a considerably milder course 
and the case fatality is only I to 2 per cent. There is also a primary sore 
and an adenitis of the regional lymph nodes. 

Kenya fever is also immunologically identical with spotted fever and 
is transmitted by the tick Rhipicephalus sanguineus. It differs clinically, 
however, from fievre boutonneuse in that there is no primary sore and no 
adenitis. 

South African tick fever is a rickettsial disease, sometimes trans- 
mitted by Rhipicephalus sanguineus but more commonly by the larvae 
of Amblyomma hebraeum, a parasite of wild rodents. Clinically the disease 
is very similar to fievre boutonneuse in that there is a primary sore and 
adenitis. 

“Q” Fever. — rickettsial infection designated as ‘‘Q” fever has been 
described by Derrick and by Burnet and Freeman^® in Australia which 
is immunologically distinct from spotted fever although sera from patients 
do not agglutinate Proteus X strains. Infection in man has been found 
for the most part in abattoir workers. The bandicoot (Jsoodon torosus) ap- 

^ C/. Spencer: Jour. Inf. Dis., 1929, 44.'257. 

^ Parker: Amer. Jour. Trop. Med., 1941, 21:369. 

^2 Parker and Steinhaus: Pub. Health Repts., 1943, 58:230. 

Topping: Pub. Health Repts., 1943, 58:7S7. 

Plotz, Reagan and Wertman: Proc. Soc. Exp. Biol. Med., 1944, 55.T73, 

^ Derrick: Med- Jour. Australia, 1937, 2:281. ^ 

^Burnet and Freeman: Med. Jour. Australia, 1937, 2:299; ibid., 1938, 1:296; ibid., 
1938, 2:1114; ibid., 1939, 1:11. 
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pears to harbor the disease in nature and a number of other rodents and 
marsupials are susceptible to experimental infection. It is transmitted 
among animals and possibly also to man by the tick Hemaphysalis hume- 
rosa. Guinea pigs and other laboratory animals may be infected experi- 
mentally. The scrotal reaction is not produced in the guiixea pig. The 
rickettsia has been designated Rickettsia burneti by Derrick.^^ 

The filter-passing rickettsia isolated by Davis in Montana produces a 
disease in guinea pigs which has been termed nine-mile fever The rick- 
ettsia has been designated Rickettsia diaporica by Cox-^° A few laboratory 
infections have occurred, including a small outbreak involving fifteen 
persons.®^ and a naturally acquired infection has been reported.^^ Wood 
ticks (D. andersoni) transmit the infection under experimental conditions 
and the infection in the tick is hereditary. 

It has been found®^ that nine-mile fever and “Q” fever are immunologi- 
cally identical, or practically so, although the American strains are some- 
what more virulent. It has been suggested, therefore, that nine-mile fever 
be called American “Q” fever. 

Whether South African tick fever and “Q” fever should bo included in 
the spotted fever group is problematical. Their immunological dissimilarity 
separates them, but their clinical similarities and failure to agglutinate 
Proteus X strains suggest their inclusion in this group. 

Bullis Fever (Lone Star Fever, Tick Fever). — ^This disease was described 
by Woodland, McDowell and Richards®"^® who observed it in soldiers sta- 
tioned at Camp Bullis near Houston, Texas. About 1000 cases had been 
observed through 1943. The onset is abrupt, with fever lasting four to 
fourteen days and falling by lysis; lymphadenopathy and pronounced 
leucopenia are observed, together with a maculopapular rash on the 
trunk in severe cases. The case fatality rate is negligible. 

Livesay and Pollard^'^^ established the infectious agent in guinea pigs 
by the intraperitoneal inoculation of patients’ blood; a low-grade febrile 
reaction of forty-eight hours’ duration was produced on the ninth to tenth 
day. Peritoneal scrapings and spleen smears showed rickettsia-like micro- 
organisms, and similar forms have been found in biopsy specimens from 
enlarged lymph nodes of patients. Convalescent sera fixed complement 
specifically with mouse spleen antigen and the disease appears to be 
immunologically distinct from Q fever and murine typlius.^^® The Weil- 
Felix reaction is negative. 

Derrick, Smith and Brows: Australian Jour. lixp. Biol. Sci., 1940, iSAW. 

Derrick: Med. Jour. Australia, 1939, jf:14. 

Cf, the detailed studies of Parker: Pub. Health Repts., 193B, 5J:2267; Cox: i6iU, 
1938, 55:2270; Cox: ibid., 54:1822, 2171; Parker, Kohls, Cox and Davis: ibid., 1939, 
54:1482; Davis:- ibid., 1939, 54:2219. 

50 Cox: Pub. Health Repts., 1939, 54:1822. 

51 Dyer, Topping and Bengston; Pub. Health Repts., 1940, 55:1945. 

52 Zemp: Jour. Amer. Med. Assn., 1943, ^2J:838. 

55 Dyer: Pub. Health Repts., 1939, 54:1229; Bengston: Pub. Health Repts., 1941, 
56:272. 

55* Woodland, McDowell and Richards: Jour, Amer. Med. Assn., 1943, i22:llS6. 

55 livesay and Pollard: Amer. Jour. Trop. Med., 1943, 25:475. 

Ibid., 1944, 24:281. 
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It seems probable that the infection is transmitted by the tick, Ambly-^ 
omma americanum, and there is some evidence that deer and rabbits may 
be infected. 

THE TSUTSUGAMUSHI GROUP 

The three rickettsial diseases that make up the tsutsugamushi group 
closely resemble one another in that they are immunologically identical or 
nearly so, they are all transmitted by mites, the animal reservoirs of in- 
fection are rats or mice, and Proteus OX-K is agglutinated by patients’ 
sera. 

Tsutsugamushi Disease (Japanese Flood Fever, Kedani Fever). — 
This rickettsial disease is very similar to spotted fever in its restriction 
to certain localities (uncultivated areas along the banks of rivers) and in 
the chnical picture presented. It differs, however, in that there is a primary 
sore and adenitis, as in fi^vre boutonneuse. The rickettsia has been variously 
termed R. nipponica, R. orientalis, R. tsutsugamushi and R. akamushi. 
The disease is very difficult to produce in experimental animals; guinea 
pigs are resistant to infection. In man, however, it is a severe disease and 
the case fatality is around 40 per cent. About 400 cases are reported each 
year in Japan. 

The disease is transmitted by the larva of Trombicula akamushi and the 
animal reservoir of infection is the field mouse, Microtus montebelli,^ 

Mite Fever of Sumatra. — This disease is identical both clinically and 
immunologically with tsutsugamushi disease in Japan and is transmitted 
by the larva of Trombicula deliensis, a mite very closely related to T. aka- 
mushu The animal reservoirs of infection appear to be the house rat, Mus 
concolor, and the field rat, Mus diardiL 

^^Rural Typhus” or ‘‘Scrub Typhus” of Malaya. — This disease is to 
be differentiated from the “shop typhus” of Malaya, which is murine ty- 
phus. It is a considerably milder disease than tsutsugamushi disease, with 
which it appears to be immunologically identical, and there is no initial 
sore and bubo. The disease is transmitted by both Trombicula akamushi 
and T, deliensis. The animal reservoir of infection is the rat. Guinea pigs 
are highly resistant to inoculation but may be infected if they are pre- 
viously made scorbutic. Monkeys may be infected by intradermal inocu- 
lation.®^ 

TRENCH FEVER 

In the course of the First World War a specific infection became known 
under the name of trench fever or Wolhynian fever. It is said to have 
caused almost one-third of all the illness in some of the armies in northern 
France and occurred also in Mesopotamia and Saloniki. It appeared again 
in the Second World War in the German Army in Russia,®® It has a long 
incubation period (six to twenty-two days) ; the most constant symptom 

The earlier Japanese investigations are discussed by Kawamura: Studies on 
Tsutsugamushi Disease. University of Cincinnati. 1926. 

55 Cf. the recent work on this disease of Lewthwaite and Savoor: Jour, Path. Bact., 
1936, 42:23; Trans. Roy. Soc. Trop. Med. and Hyg., 1935-36, 29:561; Brit. Jour. Exp. 
Path., 1936, f7:208, 448. 

55 Jacobi: Muench. Med. Woch., 1942, 59:615. 
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is pain in the legs; the fever is often high and of the relapsing type. Re- 
covery is the rule. The disease can be transmitted to healthy men by the 
intravenous injection of whole blood taken from patients up to the fifty- 
first day of the disease. 

Natural transmission is chiefly, if not solely, through the body louse. 
The bites of infective lice appear to be the main vector in producing trench 
fever, but the virus is also present in the excreta and may enter through 
abrasions in the skin caused by scratching. The virus is present in the 
urine of patients and is said to remain active for a long time in dry louse 
feces and dried urine. 

The studies of Arkwright, Bacot and Duncan^^ established the fact that 
in most cases lice or the excreta of lice that had been proved by inocula- 
tion to contain the virus contained large numbers of rickettsiae. Bacot, 
who became accidently infected with trench fever, had for over two years 
previously been feeding upon his person a stock of lice known to be free 
from rickettsiae. Two days after the onset of his attack, he resumed the 
feeding of these lice, and rickettsiae were observed eight days afterward 
in enormous numbers in their excreta. Infection of the lice with rickettsiae 
continued possibly for as long as three months after the disappearance of 
all symptoms. Nothing, however, is known certainly about the occurrence 
of rickettsiae in the bodies of patients with trench fever. Further evidence 
is necessary to establish the causal relation of Rickettsia pedicali (also 
called R, quintana) to trench fever, although tliere is a strong presumption 
that such a connection obtains. The disease was not reproduced in experi- 
mental animals. 

RICKETTSIAL DISEASE OF ANIMALS 

In addition to the rickettsial diseases of man which often exist in nature 
in animal reservoirs of infection, other rickettsial infections occur in ani- 
mals but not in man. 

Heartwater Disease. — This is a highly fatal disease of cattle, sheep 
and goats in South Africa. The causative organism, Rickettsia rurninantiumf 
was described by Cowdry.®« It is somewhat different morphologically from 
the typhus and spotted fever rickettsiae in that rod-shaped forms are 
rare, most of the organisms being rounded or elliptical and occasionally 
sharply curved. It has not been cultivated and laboratory animals do not 
appear to be susceptible to infection though successful passage of the dis- 
ease in ferrets has been reported.®^ 

In infected animals the disease resembles the human rickettsia infec- 
tions in that the vascular endothelium is parasitized, but differs in that 
large volumes of fluid accumulate in the pericardium, pleura and peri- 
toneal cavity — hence the name heartwater. ITis transmitted by Amhlyomma 
hebraeum. Infection persists for some time after clinical recovery and im- 
munity to reinfection is of a low order. 

Arkwright, Bacot and Duncan: Jour. Hyg., 1919-20, i8:76. 

Cowdiy: Jour. Exp. Med., 1925, 42:231, 253. 

” Mason and Alexander: Jour. South African Vet. Med. Ajssn., 1940, 
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Other Animal Rickettsiae. — ^Three other apparently closely related 
rickettsiae have been described in disease of animals.®® Rickettsia ovina 
was found in sheep, Rickettsia canis in dogs and Rickettsia bovis in cattle. 
These rickettsiae are morphologically indistinguishable from one another 
and all are characterized by invasion of the circulating monocytes. They 
appear to be transmitted by ticks of the genera Rhipicephalus and Hyal- 
amma. 

Donatien and Lestoquard: Arch. Inst. Pasteur (Algiers), 1937, f 5:142. 



CHAPTER 36 


THE FILTERABLE VIRUSES 
By F. B. Gokbon, Ph.D., M.D.* 

The existence of agents, apparently living but sufficiently small to be 
invisible under the microscope, and capable of passing hlters which re- 
tain ordinary bacteria, was indicated by the work of Iwanowski in 1892^ 
and of Beijerinck,^ who found that bacteria-frce filtrates of the juice of 
tobacco plants affected with tobacco mosiac would produce the disease 
in healthy plants. The similar filterability of the infectious agent of foot- 
and-mouth disease was soon demonstrated by Loiller and Frosch.^ Since 
the beginning of the present century a great variety of infectious diseases 
of man, of lower animals and of plants have been shown to be due to similar 
agents, among them smallpox and the pock diseases of lower animals, 
rabies, poliomyelitis, yellow fever and a host of others. Reports of newly 
discovered filterable agents appear at frequent intervals and the list of 
so-called virus^ diseases has steadily grQwn longer. 

Opposite is a list of the more important virus diseases of mammals (in- 
cluding man) and fowls. Bacteriophage, which may be regarded as a virus 
disease of bacteria, is discussed in Chapter 38. 

The pathogenic agents grouped under the head of filterable viruses 
defy precise definition, though in the aggregate they exhibit properties 
which are highly characteristic. As yet no descriptive statement suffi- 
ciently specific to have value and not requiring considerable qualifKiation 
has been made concerning these agents. Though termed filterable, some 
viruses pass through bacteria-proof filters with difficulty or not at all, 
and although most viruses are not visible with ordinary microscopic tech- 
nique — alienee the term ultramicroscop ic virus — some of the larger ones 
may he observed by special methods of illumination or in certain stained 
preparations. It is not infrequently stated that active immunity to the 
virus disease is usually solid, but in some instances immunity is quite tran- 
sient. Ability to survive in 50 per cent glycerin is a property of many but 
not all viruses, and some bacteria also possess this property. Without ex- 
ception, however, no virus has as yet been cultivated in the absence of 

* Associate Professor of Bacteriology, the University of Chicago. 

^ Cf. Iwanowski: Gentralbl. f. Bakt., II Abt., 1899, 5;250. 

2 Beijerinck: Gentralbl. f. Bakt., II Abt., 1899, 5:27. 

3 Lbffler and Frosch: Gentralbl. f. Bakt., T Abt., 1898, 25;371. 

^ The word “wrus” has been used as a general term covering different types of infec- 
tious agents, especially when one did not wish to be specific concerning the nature of the 
agent. It was natural that the term “filterable virus” should be used for the disease 
agents of unknown nature which could be set off from the known agents by their ability 
to pass bacterial filters. At present the term “virus,” unless another meaning is obvious, 
is usually synonymous with “filterable virus.” 
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living t^sue cells, on even the richest of the artificial media suitable for 
cultivation of the most fastidious bacteria. There is also a lack of substan- 
tial evidence for an independent metabolism on the part of the viruses. 
Although all reports are not in complete agreement on this point, experi- 
ments® with purified vaccinia virus, to which special weight should be given, 
have yielded negative results. It may be noted, however, that some evi- 
dence of a respiratory mechanism has been detected in purified prepara- 
tions of this virus (p. 794). 

The failure to define these agents satisfactorily is a consequence of a lack 
of precise knowledge concerning them, for, although there is some informa- 
tion regarding their nature, many of them are, like the antigens and anti- 
bodies, known mostly in terms of what they do rather than what they are. 
It is qmte possible also that viruses are a heterogeneous group of entities, 
taxonomically speaking, having in common only (1) size below a certain 


COMMON VIRUS DISEASES® 


Variola 

Vaccinia 

Influenza 

Common nold 

Measles 

Mumps 

Varicella 

Herpes zoster 

MoUuscum contagiosum 

Warts 

Psittacosis 

Ornithosis 

Lymphogranuloma venereum 
Trachoma 

Lymphocytic choriomeningitis 
Yellow fever 
Rift valley fever 
Dengue fever 
Phlebotomus fever 
Encephalitis (various types) 


Poliomyelitis 

Rabies 

Pock diseases of animals 
Fibroma and myxoma of rabbits 
Papilloma of rabbits 
EctromeUa of mice 
Pseudorabies (cattle) 

Rinderpest (cattle plague) 
Foot-and-mouth disease (cattle) 
Louping ill (sheep) 

Swine influenza 
Hog cholera 

Vesicular stomatitis (horse) 

African horse sickness 
Equine infectious anemia 
Sarcomas of fowls 
Fowl plague 
Fowl pox 

Newcastle disease of fowls 
Infectious laryngotracheitis of fowls 


maximum (actually the range of sizes is enormous. Fig. 224), and (2) 
habits of strict cellular parasitism, regardless of how this arose. 

In spite of the obvious and perhaps inevitable lack of exact definition 
of these agents, and present inability to differentiate them sharply from 
the bacteria in terms of any single characteristic, the filterable viruses 
in the aggregate attain a certain individuality which more than adequately 
justifies the unique position in which they are generally placed. 

Cytotropism. — The intimate and obligatory relation between the 
viruses and the cells of the host is the most important element in the 
definition of this group of agents, though it does not serve to set them off 
sharply from the rickettsiae; some species of bacteria and protozoa are 
also intimately associated with host cells. 

® Parker and Smythe: Jour. Exp. Med., 1937, 65 : 109 . 

® This list makes no pretense of being exhaustive and omits entirely the virus diseases 
of amphibians, fish, insects and plants. For a more complete list see McBrinley: Puerto 
Rico Jour. Pub. Health Trop. Med., 1934, 9 : 299 . 



782 


The Filterable Viruses 


Tissue Predilection . — The viruses show, in most instances, a marked 
predilection for certain tissues. A large group of viruses, including variola 
and vaccinia, molluscum contagiosum, trachoma and the pock diseases 
of lower animals, produce primary lesions of the epithelial surfaces of 
the body; viruses showing such affinities for the skin are termed derrno- 
tropic. Another large group, designated as neurotropic viruses, including 
rabies, poliomyelitis, encephalitis and others, produces lesions primarily 
in the central nervous system. Still other viruses, e. g., virus of yellow fever, 
which attack the abdominal or thoracic viscera or produce signs indicative 
of generalized infection, are termed viscerotropic. The virus of itifluenza and 
certain others found in the lungs have been called pneumolrapic. The term 
pantropic is used to indicate affinities for many tissues; some prefer to re- 



Fig, 218. — Foot-and-mouth disease. The section is from the tongue of a guinea pig 
and shows an early necrotic lesion of the epithelium. X 200 (obtained through the 
courtesy of Dr. I. A. Galloway). 

serve this term for viruses which are able to parasitize derivatives of all 
three primitive embryonic layers. 

Such tissue affinities are not, however, absolute. The adjectives applied 
are indicative of the most apparent site of attack; secondary infection of 
other tissues not infrequently occurs, more commonly with some viruses 
than with others. As will appear, these tissue affinities may sometimes be 
altered by appropriate manipulation. 

Effect upon the Host Cells . — In general, the pathology of the virus dis- 
eases runs the gamut of the possible types of tissue injury.'^ Necrotic and 
degenerative changes, acute and chronic inflammation and hyperplasia 
are all represented in varying combinations and locations. In most cases, 
it is generally believed, the effects are produced by actual invasion of the 

^ Cf. Rivers: Amer. Jour. Path., 1928, 4:91. 
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susceptible cells by the viruses, soluble toxins playing no part. A toxic 
action of the virus of lymphogranuloma venereum and others of this 
group (p. 819) has, however, been demonstrated. Heavy emulsions of this 
virus apparently act in the same manner as a bacterial endotoxin and 
antiserum will neutralize the effect of the toxin. 

Evidences of proliferation and degeneration are present in most virus 
infections, and the nature of the lesion is determined by the relative degree 
of each. Virus infections may be arranged in an orderly series according 
to the relative significance of these two factors.® At the one extreme are 
those viruses which produce degeneration and necrosis almost exclusively. 
Such, for example, are foot-and-mouth disease (Fig. 218) and the pock 
diseases. Severe necrosis of the fiver cells is produced by the viruses 
ofjyellow fever (Fig. 233), Rift Valley fever and ectromefia. A greater 



Fig. 219- — ^Rabbit papilloma. Hyperplasia of epithelial tissue is e\udent. X 125 (obtained 
through the courtesy of Dr. W. J. Purdy). 

amount of proliferation is seen in other instances, however; in fowlpox, 
for example, sometimes called epithelioma contagiosum, necrosis does not 
begin until after considerable hyperplasia has occurred. Viruses at the 
other extreme produce primarily a proliferation, and degenerative and 
necrotic changes play little or no part in determining the character of 
the lesion. Such is the case, for example, in rabbit fibroma, rabbit papil- 
loma (Fig. 219), human warts and the filterable sarcomas of fowls. 

In connection with the proliferative tendencies manifested in certain 
virus diseases, it may be noted that the filterable fowl sarcomas, of which 
a number have been described, have all the characteristics of malignant 
tumors.® They may be composed of very anaplastic cells, invade tissue 
rapidly, metastasize, and kill the host. The inoc3ulation of susceptible 
fowls with cell-free filtrates of emulsified tumor tissue is followed by the 

* Cf. Audrewes: Lancet, 1934, ££.*63. 

9 Cf. the following reviews: Claude and Murphy: Physiol. Rev., 1933, i5:246; Rous: 
Virus Diseases, Cornell University Press. Ithaca. 1943. pp. 147—170. 
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appearance of a similar tumor. Similar transmission by cell-free filtrates 
of fowl tumors induced by tar has been reported in a few instances.^® 
Rabbit papilloma, an infectious wart of coLtontail rabbits, is due to a 
filterable agent. When transmitted to domestic rabbits these warts generally 
progress to true cancer and there is serological evidence that the papil- 
loma virus persists in the malignant tumor, although it is not demon- 
strable by direct inoculation. It appears that the virus plays a significant, 
though not necessarily a primary, role in the production of the cancer.^^ 
Numerous attempts have been made to demonstrate filterable agcrits in 
malignant mammalian tumors, but the results have been almost uniformly 
negative. 

Obvious evidences of tissue disturbance need not follow infection with 
filterable viruses, and latent infections with these agents occur just as they 
do with the pathogenic bacteria, A certain proportion of some stocks of 
white mice, for example, are healthy carriers of the virus of lymphocytic 
choriomeningitis (p. 827), and when the host-parasite equilibrium is dis- 
turbed by the intracerebral inoculation of sterile broth, an acute attack 
of disease ensues. Similarly, the virus known as Virus Xlf may be latent 
in the testes of normal rabbits but produces an orchitis when testicular tis- 
sue is serially transferred. Many of the plant viruses also produce such a 
latent infection; their presence may be demonstrated by passage to a sus- 
ceptible strain of plant in which the manifestations of the disease will be 
evident. The practical significance of such latent virus infections to the 
study of experimental virus diseases is obvious. 

Inclusion Bodies. — The presence of the so-called inclusion bodies 
within the affected cell, either in the cytoplasm or in the nucleus, is per- 
haps another manifestation of the cytotropic character of the filterable 
viruses. These bodies are of varying size and appearance and are readily 
demonstrable in histological sections by differential staining. They are 
found in most, but apparently not all, virus diseases and are not found in 
bacterial infections, even with those microorganisms which invade the 
cells. 

Intracytoplasmic inclusion bodies are found associated with vaccinia 
(Fig, 220), molluscum contagiosum, variola, rabies (Figs. 221 and 238), 
trachoma, fowlpox, infectious myxomatosis of rabbits, the viruses of the 
psittacosis-lymphogranuloma group (Fig, 232), and certain others. They 
exhibit a considerable degree of individuality, and their recognition is of 
practical significance in the diagnosis of some virus diseases. One of the 
best known inclusion bodies in this connection is the Negri body (Fig, 221) 
found in rabies. 

Intranuclear inclusion bodies are of two types. Type A, found in cells 
in the lesions of yellow fever, herpes (Fig. 229), varicella, B virus disease. 
Virus III of rabbits (Fig. 222), and others, consists of an acidophilic mass 
which disrupts the normal structure of the nucleus and may occupy a large 
fraction of the space within it. The accumulation of chromatin at the mar- 

McIntosh and Selbie: Brit. Jour. Exp. Path., 1939, 20:49. 

Cf, Rous, Kidd and Beard; Jour. Exp. Med., 1936, 64:385; Rous, Beard and Kidd: 
ibid,, 1936, 64:401; Kidd: ibid., 1938, 66:703, 725, 737; Kidd: ibid., 1940, 351- 







Fie. 220. — Guamieri bodies, the intracytoplasmic inclusion bodies of yaccmia. The 
arrows point to two inclusions among many in the infected comeal epithelium o a 
rabbit’s eye. Giemsa stain; X 650. 
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gin of the nucleus as seen in Fig. 222 is characteristic. Type B, described 
in Borna disease (an encephalomyelitis of horses), poliomyelitis, and a few 
others, consists of smaller bodies which characteristically are found within 
an otherwise normal-appearing nucleus. In contrast to the cytoplasmic 
inclusions, the nuclear inclusions do not have a morphology character- 
istic for the infection in which they are found. In fact, their significance in 
relation to virus infection is not at all clear, for they may be produced 
by other means as well. Inclusion bodies resembling those of yellow fever, 
for example, have been found in the cells of the liver following severe 
burns. In other cases the inoculation of chemical agents, e, g., the sub- 



Fig. 222. — Intranuclear (Type A) inclusion bodies of Virus III. I = inclusion body; 
N = marginated chromatin at the periphery of nucleus. This is from a section of infected 
rabbit testis. Giemsa stain; X 2550. (Obtained through the courtesy of C. H. Andrewes.) 

cutaneous inoculation of guinea pigs with aluminum hydroxide, alundum 
or fresh or autoclaved brain tissue, has resulted in the appearance of 
nuclear inclusions in the macrophages. The presence of intranuclear in- 
clusion bodies, then, is not necessarily indicative of virus infection. 

The Nature of Inclusion Bodies , — Inclusion bodies have been regarded 
by some as products of cellular degeneration accumulated within the af- 
fected cell as, it may be noted, some of the nuclear inclusions not associated 
with virus infection may readily be. Some of the early workers suggested 
that these bodies were protozoan in nature and represented a stage in 
12 Olitsky and Harford: Proc. Soc. Exp. Biol. Med., 1938, 38 : 92 , 
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a complex life cycle of the microorganism. Von Prowazek'® considered the 
inclusion body to be composed of a mass of small virus particles, which 
e railed elementary bodies, surrounded by a mantle of amorphous material 
produced by the cell in reaction to the virus. On this basis he suggested 
that vnuses should be called Chlamydozoa or “cloak animals.” Since then 
it nas been found that a number of intracytoplasmic inclusion bodies are 
essentiaUy of this nature (Figs. 223 and 232). The evidence that the 
elementary body is the infectious particle of virus is presented below. It 
will sufEce to state here that intracytoplasmic inclusion bodies, in some 
instances at least, may be regarded as “colonies” of virus within the 
cell. 

The Physical Characters of Viruses. — Although Beijerinck postu- 
lated the presence of a contagium vivum fluidum in infectious plant juice, 



Fig. 223. — Left, partially disrupted inclusion bodies of ectromelia from a culture on 
the chorio-allantois of a duck egg. Darkfield illumination X 600. Right, a portion ‘of 
the same field under higher magnification showing the constituent elementary bodies. 
Darkfield illumination X 2200. (From Hinunelweit: Brit. Jour. Exp. Path., 1938, 
19:108. Reproduced through the courtesy of the author and publishers.) 

subsequent studies with animal viruses indicated that these agents are 
particulate in nature. Minute corpuscular elements, early noted by BorreB^ 
in the lesions of fowlpox, were regarded by him as the causal agent of the 
disease. Von Prowazek and Paschen^® described similar bodies in material 
from variola and vaccine lymph in which they were especially numerous. 
Similar elements have since been demonstrated in a number of virus in- 
fections and are known as elementary bodies (Fig. 228). Mention has al- 
ready been made of their occurrence within inclusion bodies. Woodruff 
and Goodpasture^® supplied the first direct evidence of the relation of in- 
clusion body and elementary body to virus. They succeeded in freeing the 
inclusion bodies of fowlpox from other cellular material and demonstrated 

Von Prowazek: Arb. Gesundheitsamt, Berlin, 1905, 22:535. 

Borrel: Compt. Rend. Soc. Biol., 1904, 57:642. 

Paschen: Miinch. med. Wchnschr., 1906, 49:2391. 

Cf. Goodpasture: Harvey Lectures, 1929-30, p. 77. 


788 


The Filterable Viruses 

the inf activity of a single inclusion body. Furthermore, they showed that 
the inclusion body was composed of numerous elementary bodies and that 
infectivity was associated with the latter- In the case of certain other 
viruses the presence of active virus in filtrates or centrifugates of iiilVclious 
emulsions is directly correlated with the presence of elementary bodies. 
The size of the virus as determined by indirect means (see below) agrees 
well with the observed size of the elementary bodies. Furthermore, these 
bodies are agglutinated in specific immune serum. The intimate association 
between virus activity and the elementary bodies has become increasingly 
clear, and it is highly probable that the elementary bodies arc, in fact, the 
virus. There is a large number of viruses, however, in which elementary 
bodies have not been demonstrated and whose size would seem to preclude 
their being rendered visible by present methods. 

Size. — The viruses show, as a group, an enormous range in size (Fig. 
224). The smallest have a size, estimated by differential filtration, of ap- 
proximately 10 m^t, although in the case of the virus of polioymelitis, one of 
the smallest, this may he the shorter dimension of a rod-like particki. The 
largest appear to be spherical particles with diameters as great as 250 m^t. 

Filtration . — As noted earlier, some viruses readily pass diatomaceous 
earth or unglazed porcelain filter candles, while others are filLerabkj only 
with difficulty or not at all. Such filters do not, however, act as mechani- 
cal sieves, and it is well known that the electrical charge on the particles 
(like the bacteria, the viruses are negatively charged at neutrality) and 
that on the filter and, as a corollary, the nature of the suspending medium, 
aU play a part in. determining filterability.^^ The ability to pass through 
such filters is, therefore, related to particle size in only a crude way. 

The use of graded collodion membranes or ultrafilters, frequently termed 
gradocol membranes, has added a quantitative element to filtration experi- 
ments, for these filters, though to some degree affected by charge, act 
mtich like mechanical sieves. Such membranes were originally in troduced 
by Bechold^^ for the study of colloids. Elford^^ and others^^ have prepared 
membranes of known porosity by drying solutions of collodion of varying 
concentration in thin sheets or by impregnating some carrier such as filter 
paper- The use of a series of such membranes of graded porosity allows a 
relatively accurate determination of particle size. Such filtration of viruses 
has been highly successful and much of our information concerning the 
size of viruses has been obtained in this way. 

Ultracentrifugation . — The size of virus particles also determines tlieir 
rate of sedimentation in a centrifugal field. The high speeds required to 
throw down the minute virus particles necessitate special apparatus and 
the technique has been termed ultracentrifugation. Several methods have 
been employed. One, adapted from an earlier method of Schlesinger and 
Kramer: Jour. Inf. Dis., 1927, 4a;343. 

18 Bechold: Ztschr.. f. phys Chem., 1907, ^0:257; ibid., 1908, ^4:32. 

i^EIford: Jour. Path. Bact., 1931, 54:505; Proc. Roy. Soc., Ser. B, 1933, ff2;384. 

20Allisbaugh and Hyde: Amer. Jour, Hyg., 1935, 21:64; Bauer and Hughes: Jour. 
Gen. Physiol., 1934-35, 15:143. 

21 The determination of porosity is based upon Poiseuille’s law (cf. Cox and Hyde: 
Amer. Jour. Hyg., 1932, 16:667) and is probably not strictly accurate. 
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STAPHYLOCOCCUS-800 mp 


PSITTACOSIS - 250 mp 

VENEREAL LYMPHOGRANULOMA 
VACCINIA 
RABBIT FIBROMA 
CANARY POX 

FOWL SARCOMA ROUS NO.) 

ECTROMELIA 

RABIES 

PSEUDORABIES 

HERPES 

INFLUENZA HUMAN AND SWINE 
FOWL PLAGUE 

LYMPHOCYTIC CHORIOMENINGITIS 
RIFT VALLEY FEVER 
RABBIT PAPILLOMA 
EQUINE ENCEPHALOMYELITIS 
ST. LOUIS ENCEPHALITIS 
YELLOW FEVER 

louring ill 

POLIOMYELITIS 
FOOT-AND-MOUTH DISEASE 
EDESTIN 

OXYHEMOGLOBIN 
EGG ALBUMIN 
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Fic 224— Chart showing the relative sizes of a staphylococcus, representative 
iruses and several protein molecules. The virus particles are assum^ to be sphenca! 
ind the measurements represent approximate means between lumte obtamed ’’y 
iltration The diameter of the virus particle of lymphocytic chonomenmgitis. for 
ixample is found to lie between 40 and 60 mp; it is indicated here as 50 Sm^ 
values were obtained estimations of sizes »^y ^ 

lifferent values. Adapted from the data of Elford, Bauer and others. 
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modified by McIntosh and Selbie^^ by Elford,^^ involves the titration 
of virus before and after centrifugation. In the capillary- tube method of 
Elford, a capillary tube sealed at one end is inverted in a liquid reservoir; 
a ten-fold drop in titer of the material within the tube {Le., nine-tenths of 
the virus is removed) indicates that the mean distance a particle has sedi- 
mented during the run is nine-tenths the lengtli of the tube. From this 
figure the rate of sedimentation, and in turn the size of the particle, may be 
determined. Centrifugation of virus particles through a density gradient 
with subsequent test for concentratioA of virus at various levels has also 
been used. 

Another method of ultracentrifugation is an adaptation of that devised 
by Svedberg for the study of sedimentation rates of proteins. The high- 
speed centrifuge is so arranged that ultraviolet light may bo directed 
through the cell while the machine is in motion. Exposure of photographic 
plates at intervals allows sedimentation within the cell to be followed lie- 


w 


a 
b 

L 

j 

Fig. 225. — Sedimentation of elementary bodies of vaccinia: a and h indi<U3itti the 
upper and lower edges respectively of the sedimenting boundary; the distance bc'.twetm 
constitutes the spread. From Pickels and Smadel: Jour. Exp. Med., 19J8, 6‘^:5B3. 
(Reproduced through the courtesy of the authors and publisher.) 

cause of differential absorption of the light by various concentrations of 
sedimenting material. With homogeneous suspensions, e.g,, elementary 
bodies, a definite sedimenting boundary is visible (Fig. 225), and the rate at 
which the boundary moves represents the sedimentation rate of the virus 
particles. A relatively high degree of purification of the virus is usually a 
necessary preliminary to this type of observation. 

An essential preliminary to the determination of particle size by sedi- 
mentation rate is knowledge of the density of the particle; other variables 
such as viscosity of the suspending medium, etc., can, of course, be con- 
trolled. Methods of estimating the density of virus particles are not en- 
tirely satisfactory, and there is considerable variation in the figures from 
different sources. The density of vaccinia virus has been reported as 1. 16, 
but this can be changed by inducing different degrees of hydration of the 
particle by employing suspending media of different osmotic pressures. 

“ McIntosh and Selbie: Brit. Jour. Exp. Path., 1937, i8:l62, 

** Elford: Brit. Jour. Exp. Path., 1936, i7:399. 
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There is evidence^^ that the density of some smaller viruses is nearer that 
ot proteins, 1.30 to 1.35. A recent estimation of the density of influenza 
virus^^ gives 1.104. The values for particle size given for sedimentation rates 
approximate fairly well those obtained by filtration through gradocol mem- 
branes. 

Microscopy. The stained elementary bodies of some of the larger 
viruses, including psittacosis (Fig. 231), vaccinia, fowlpox, canarypox, 
ectromelia and infectious myxoma, are resolved by the ordinary micro- 
scope with visible light. Silver-impregnation methods (Fig. 228), Victoria 
blue, or methylene blue and azur stains are suitable.^® The size of the ele- 
mentary bodies is, of course, distorted ovdng to the deposition of stain. 

The larger elementary bodies may be seen in the ordinary darkfield 
microscope, though resolution is no better than with transmitted light. 
Incident oblique illumination, giving an effect similar to that of a dark- 
field condenser, has also been used (Fig. 223), either alone or in conjunc- 
tion with fluorescent dyes such as primulin.^^ 

The resolving powers of the microscope are limited, as pointed out else- 
where (p. 40), by the wave length of visible light, and may therefore be 
extended through the use of shorter wave lengths such as unltraviolet. By 
this method, using quartz lenses, Barnard^^ has been able to secure photo- 
micrographs of the elementary bodies of some of the larger viruses such as 
vaccinia, canarypox and ectromelia. The size of these bodies agrees well 
with the values obtained by filtration experiments. 

The electron microscope (p. 41) has been employed for studying the 
appearance of purified preparations of a number of viruses. In general the 
determinations of size by this method have agreed with those estimated by 
other techniques. 

Shape . — A necessary assumption in the determination of particle size 
by filtration experiments is that of a spherical shape of the virus particle. 
That such an assumption is justified in many instances is indicated by 
direct microscopical evidence. Himmelweit’s photomicrographs (Fig. 223), 
for example, show that the viruses observed are coccoid in shape, and 
stained elementary bodies are likewise round or oval. Nevertheless, ex- 
amination of the “coccoid” elementary bodies of vaccinia by electron 
microscopy (Fig. 226) reveals that these bodies, when thoroughly washed, 
appear to be brick-shaped. Interesting evidence of internal structure is 
also apparent. Influenza virus is said to consist of rounded or ovoid par- 
ticles as viewed with the electron microscope and the same is true of the 
virus of equine encephalomyelitis. But certain other viruses have been 
shown by this and other methods to be cylindrical or filamentous in shape. 
Tobacco mosaic virus consists of particles 15 by 280 m/x and there is par- 
tial evidence that poliomyelitis virus may have a similar shape. 


24 Tang, Elford and Galloway: Brit. Jour. Exp. Path., 1937, 18:269. 

26 Sharp, et at: Science, 1944, u ui, •/ 9 

26 Cf. Gildemeister, Haagen and Waldmann: Handhuch der Viruskrankheiten, Chap. z. 

Gustave Fischer. Jena. 1939. 

27 Cf. Himmelweit: Lancet, 1937, ii;444. 

28 Cf. Barnard and Elford: Proc. Roy. Soc., Ser. B, 1931, i09:S60. 
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The Effect of Physical and Chemical Agents. — Almost all experi- 
ments to determine the effect of physical and chemical agents upon viruses 
have necessarily been performed using impure virus preparations (X)n- 
taining tissue elements and other extraneous organic matter. Although 
probably not giving correct values for pure virus, such experiments have 
obvious practical value. In some instances suspensions of elementary 
bodies or other purified preparations have given more reliable evidence 
concerning the resistance of the virus itself. 

Heat — In fluid emulsions most viruses are inactivated by heat at about 
the same times and temperatures as vegetative bacterial cells; the rates 
of destruction of foot-and-mouth disease virus and Bacterium typhosurn 
are similar between 50° and 60° C. Some viruses appear to be somewhat 
more resistant, however. Glycerinated vaccine lymph is said to rc'jsist 



Fig. 226. — ia. Structure of purified elementary bodies of vaccinia as revealed by the 
electron microscope, ih. Schematic representation of certain of the virus partit^hw shown 
above. Magnification 7100X4 (From Green, Anderson and Srnadel: Jour. l^xp. Med., 
1942, 75:651. Reproduced through the courtesy of the authors and publishers). 

55° C. for thirty minutes and hog-cholera virus in blood resists the same 
temperature for two hours. Vaccinia virus in the dried state is reporlcid to 
resist 100° C. for five to ten minutes. Plant viruses vary cousiderably in 
their resistance to moist heat ; thermal death points range from 42° to 90° 
C. for ten-minute exposures. 

Extreme cold exerts a preservative action, and many viruses may be 
frozen, dried, and stored with little loss of activity. Virus-containing tis- 
sues may be frozen and stored at temperatures obtainable with dry ice 
(—76° C.) for relatively long periods of time without deterioration. 

Radiation , — Direct sunlight inactivates viruses readily; presumably the 
ultraviolet portion of the spectrum is involved, for exopsure to ultraviolet 
light results in a rapid inactivation. Fowlpox and vaccine virus are said to be 
more resistant than bacteria to ultraviolet light, the latter virus surviving 



The Chemical Composition of Viruses 793 

in vaccine when adventitious bacteria are kiUed. Although infec- 

tivity of a virus emulsion is easily destroyed by ultraviolet light, selection 
of the correct exposure time leaves the antigenicity of the preparation at a 
high level. This has been exploited experimentally in the preparation of 
several immunizing preparations (pp. 838, 851, 855). 

Desiccation, Most viruses remain active for long periods in the dry 
state. Crusts from variolous patients axe said to remain infective for years, 
and artificially dried vaccine virus has been found active after four months 
at room temperature. 

Chemical Agents , — It is commonly stated that viruses are somewhat 
more resistant to the phenols than are bacteria, and this disinfectant is 
used to reduce the number of bacteria in vaccine lymph, leaving the virus 
active. Tests with vaccinia virus and others with purified influenza 
virus suggest that inactivation occurs readily with oxidizing agents (potas- 
sium permanganate, iodine), while foot-and-mouth-disease virus is resis- 
tant. Soaps and other detergents will inactivate influenza virus. Reducing 
agents, cysteine in particular, have been found to retard deterioration of 
virus preparations. A number of viruses are resistant to ether (vaccinia, 
poliomyelitis, rabies), but St. Louis encephalitis virus is quickly inactivated. 
Several viruses are inactivated by bile salts and urea, and many are in- 
activated by treatment with formalin. Few viruses have been tested in a 
pure state against chemical or other agents and the results with crude 
emulsions can be indicative of generalities only. Tests with purified in- 
fluenza virus,^® however, have confirmed in general the ideas gained in 
previous studies. 

The Chemical Composition of Viruses. — Only a few viruses have 
been purified and prepared in sufficient quantity to allow a reasonably 
accurate chemical analysis. Some of the plant viruses have been the most 
thoroughly investigated because of the tremendous amount of virus ac- 
tivity present in the diseased tissues. 

Tobacco-Mosaic Virus , — Apparently pure proteins, intimately asso- 
ciated with virus activity, have been prepared from the juice of diseased 
tobacco plants by ammonium sulfate precipitation and by high-speed 
centrifugation. The protein appears to be the same irrespective of the 
species of the plant host, and forms needle-like “crystals” which are, in 
fact, paracrystals oriented in two dimensions only. These have more the 
properties of natural fibers and may be visualized as bundles of rodlike 
molecules lying parallel and overlapping one another in the direction of 
their long axis. The molecular weight of this substance is high; it has been 
estimated to be 40 million. Repeated recrystallization results in no loss of 
virus activity and, in general, inactivation coincides with destruction or 
alteration of the protein, which is now considered to be identical with the 
virus. Chemical analysis indicates that the substance is a nucleoprotein 
and a number of the amino acids present have been identified. It has been 

29 Eaiight and Stanley: Jour. Exp. Med., 1944, 79--291. 

39 Cf the following reviews: Stanley; Physiol. Rev., 1939, ^9:524; Virus Diseases^ 
Gorneli University Press. Ithaca. 1943, pp. 35-59; Wyckoff: Ergeb. d. Enzymforsch., 
1939, ^?:1; McFarlane: Biol. Rev., 1939, f4*223. 
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found that strain differences within the tobacco mosaic virus ai-e 

reflected in quantitative and qualitative diflerences in the ami no acid 
makeup of the molecule, with a preservation of the fundamental stnuaural 
pattern. 

Similar “heavy proteins” have been found associated with the viruses 
of a number of plant diseases, and these likewise form paracaystals. 
The protein associated with the virus of bushy stunt of l.omatoes, 
however, shows no evidence of asymmetry and forms true (‘rystals. 

Substances of high molecular weight and homogeneous as det.(irmin(‘d 
by sedimentation in the ultracentrifuge have been demoristratc^d in pur-i- 
fied preparations of several animal viruses also. In some cases tlu^ eviden(*e 
is good that these represent virus, in others the nature of the sediin(ui table 
substance is obscure. One of the reasons for uncertainty is that similar 
sedimentable substances have been demonstrated in certain normal (is- 
sues. In those cases where the chemical composition of the virus can be 
reasonably ascertained it has been found that the virus activil/y is c^losc^ly 
associated with nucleoprotein, as is the case with the viruscss. In 

some cases a lipoid is also present in the complex. None of tlui animal 
virus proteins isolated, however, forms either paracrystals or true crystals. 

Vaccinia Virus, — Studies^^ upon a virus of relatively large x)arti(‘Ie size 
(vaccinia) have shown that the composition is complex, th<i analysis of 
dried elementary bodies giving values for protein, fat and carbohydrat(^s 
not unlike those observed with bacteria. Nucleoprotein is x)res(inl/ and nu- 
cleic acid (thymus type) constitutes about 6 per cent of the clemcintary 
body and lipoid a like amount. Copper and a flavin-adeninc-dinu(^l(M)l,ide 
have been demonstrated to be integral parts of the elemenlnry body, sug- 
gesting that an incomplete respiratory mechanism may be x^rescml,. Biol, in 
also is present in purified preparations of this viius. 

Cultivation of Viruses.^^ — As noted above, the filterabbi virusc'.s re- 
quire the presence of living host cells for their proliferation; they (;armot 
be cultivated on lifeless media. They are, like the spirochete of syphilis, 
often maintained in the laboratory by serial passage through susceptible 
animals. It may be noted that a number of viruses persist in infcMitious 
tissue for long periods of time when stored in the cold. In r^Uro culture 
methods have been devised, however, in which the virus is grown in the 
presence of living host cells either in tissue culture or in the developing 
hen’s egg. 

Tissue Culture . — Many of the viruses may be propagated in tissue cul- 
tures such as those of Carrel in which there is proliferation of the tissue 
itself. Proliferation of the host cells is, however, apparently not essential, 
and viruses such as vaccinia have been cultivated by the Maitland tech- 
nique^3 which fresh minced hen’s kidney and hen’s serum are incubated 
in a Carrel flask. Li and Rivers^^ have used minced chick embryo tissue in 

31 Cf. the review by Rives: Virus Diseases, Cornell University Press. Ithaca. 1943, pp. 
1-31. 

33 C/. the critical summary of culture methods by Sanders: Arch. Path., 1939, 

33 Maitland and Maitland: Lancet, 1928, ii.*596. 

34 Li and Rivers: Jour. Exp. Med., 1930, 52:465. 
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Tyrode s solution with or without serum. Under such circumstances there 
is little or no proliferation of the tissue cells, but their viability persists for 
some days. By this technique many viruses, including those of vaccinia, 
yellow fever, vesicular stomatitis, equine encephalomyelitis, St. Louis en- 
cephalitis, pseudorabies, influenza and others, have been cultivated. Other 
types of embryonic tissue may be used; the viruses of rabies and St. Louis 
encephalitis have been grown in association with mouse-embryo brain. 

Egg Culture ,^^ — It was found by Woodruff and Goodpasture^® that 
viruses rnay be cultivated on the chorioallantoic membrane of the devel- 
oping chick embryo. Some gross alteration of the membrane is usually 
produced, and when the dilution of inoculated virus is suitable, isolated 
lesions (consisting of hyperplasia, necrosis and inflammation) called 
“pocks” may be found (Fig. 227). Some viruses, when placed upon the 
chorioallantoic membrane, invade the body of the embryo; louping-ill 
virus may be found in the brain and liver, for instance, and St. Louis en- 



Fig. 227. — Lesions produced by ectromelia virus on the chorioallantoic membrane of 
the developing hen’s egg. (From Himmelweit: Brit. Jour. Ebcp. Path., 1938, ^9;108. 
Reproduced through the courtesy of the author and publishers.) 


cephalitis virus invades the chick brain. With repeated passages many 
viruses gain in virulence and kill the embryo. Influenza virus and others 
will infect the respiratory tract of the embryo when inoculated into the 
amniotic cavity.®^ An important advance in the study of influenza virus 
was made when it was discovered that a good growth of the virus occurs 
after inoculation into the allantoic cavity The virus is recoverable from 
allantoic fluid in a relatively pure state. 

The yolk sac of the fertile egg was found by Cox to be especially suitable 
for cultivation of rickettsiae (p. 765) and the technique has proved to be 
excellent for growing viruses of the psittacosis-lymphogranuloma group 


(p. 819). 

Cf. the monograph by Burnet; Med. Res. Council (Great Britain), Spec. Kept. 

Ser., No. 220, 1936. ^ oah 

38 Woodruff and Goodpasture: Amer. Jour. Path., 1931, 7:209. 

3^^ 'Burnet: Brit. Jour. Exp. Path., 1940, 21:147. 

38 Burnet: Austral. Jour. Exp. Biol, and Med. Sci., 1941, 19:291: 
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Yariation.^^ — Adaptive response to environmental conditions, a reac- 
tion associated with living organisms, is exhibited by many, perhaps all, 
viruses. Although observable characters are few, alterations in the viru- 
lence, or pathogenicity, and immunological character of the viruses are 
well known. 

As in the case of the bacteria, strains of a given virus are found in nature 
which differ from one another in virulence and antigenic character. The 
so-called benign and malignant varieties of variola (p. 803) dilfer consider- 
ably in pathogenicity, as evidenced by case-fatality rates. Similarly, the 
eastern and western varieties of equine encephalomyelitis dilfer, the former- 
being the more virulent. These two varieties show immunological diffei - 
ences, and strains of other viruses, such as those of poliomyelitis, influ- 
enza A and others, are also immunologically different in minor respects. 

Adaptation , — Alterations in virulence and other characters may occur 
under the controlled conditions of the laboratory. One of the best known 
examples is seen in the conversion of rabies “street virus” to “fixed virus.” 
This is accomplished by serial intracerebral passage in the rabbit and re- 
sults in a gradually increasing virulence as evidenced by shortened incu- 
bation periods until the limit is reached. The virulence then remains con- 
stant at that level. During this process the strain loses certain character- 
istics including its ability to infect the central nervous system after sub- 
cutaneous inoculation, and its ability to produce Negri bodies. 

Alterations in pathogenicity as expressed in changed tissue affinities 
are frequently observed. Passage of the “normal” (dermotropic) sixain 
of vaccinia through rabbit testis and then to rabbit brain has given rise to a 
neurotropic strain of enhanced virulence which produces an encephalitis 
in rabbits. Yellow fever virus, in nature both neurotropic and viscero- 
tropic, has been observed to lose its viscerotropism during serial passage 
in mouse brain. Cultivation may produce similar changes in some in- 
stances; a neurotropic strain of the influenza virus has been produced^® 
by cultivation of the naturally occurring pneumo tropic form in the chick 
embryo, producing first a hemorrhagic encephalitis of the embryo and, on 
serial passage of the culture virus through mouse brain, an encephalitis in 
mice. 

''Mutation .'' — The changes described above are perhaps to be regarded 
as gradual adaptive responses to the environment, possibly analogous to 
similar changes in bacteria and the Dauermodifikationen of higher forms. 
Sudden alterations, termed by some “mutations,” are also observed. Such, 
for example, is the sudden, apparently spontaneous, variation of the rabbit 
fibroma virus to give, not the tumor-like proliferative fibrous lesion, but a 
lesion characterized chiefly by inflammation.^’^ Most variant strains, in- 
cluding this, retain their antigenic relationship to the parent strain. In 
some cases, however, immunological character may be altered; such vari- 
ants of the foot-and-mouth-disease virus have been observed. An induced 

Cf. the review by Findlay: Jour. Roy. Microscop. Soc., 1936, 56:213. 

Stuart-Harris: Lancet, 1939, i:497. 

" Andrewes and Shope: Jour. Exp. Med., 1936, 65:157. 

^ Dauhney: Jour. Comp. Path., 1934, 47:259. 
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conversion, superficially analogous to the transmutation of pneumococcus 
t^es (p. 155), of rabbit fibroma virus to the immunologically related virus 
of infectious myxoma has been reported.^^ 

Reversion. The alterations in a virus arising, presumably, as an adap** 
tive response to changed environmental conditions, are, in some instances 
at least, partially or completely reversible. The “fixed virus” of rabies, 
for pxample, has been observed to revert partially to the characteristics 
of street virus” by serial passage in the sciatic nerve of rabbits, and 
viscerotropism has heen restored to a neurotropic strain of yellow-fever 
virus by intrahepatic passage in the monkey.®® This reversion of the yellow- 
fever virus has also been foimd to occur apparently spontaneously,^^ a 
matter of some practical importance since a variant strain of this type is 
used for human immunization. 

The interpretation of the phenomena of variation in the viruses pre- 
sents almost precisely the same difficulties as the interpretation of similar 
phenomena in bacteria. This matter has been discussed at length else- 
where (p. 156) and need not be considered here. 

Immunity to Virus Diseases.^® — Recovery from some virus diseases, 
e- g. measles and yellow fever, is accompanied by the development of 
solid and lasting immunity, but others, such as influenza, produce only a 
temporary resistance. There is no reason for doubting that immunity in 
virus diseases is of the same general nature as that seen in other infec- 
tions, but the intracellular position of the virus introduces other factors 
which deserve special attention. 

Active immunity may be produced artificially in a munber of ways, in- 
cluding inoculation with virulent virus, with attenuated virus, or with 
virujs treated with bactericidal agents. The inoculation of virulent virus, 
either by an unnatural route or in conjunction with antiserum injected 
separately or mixed with the virus, often produces a sofid immunity com- 
paring favorably with that resulting from clinical infection. Intramuscular 
inoculation of fully virulent psittacosis virus has been used for the im- 
munization of laboratory workers; the normal portal of entry is probably 
the respiratory tract and disease does not result from the artificial inocu- 
lation. Hogs are usually immunized against hog cholera by the simulta- 
neous injection of virus-containing blood in one groin and serum in the 
other. The inoculation of virulent virus, is, however, an inherently dan- 
gerous procedure and one that is seldom applied to man though frequently 
used in the laboratory. 

Another method of immunization is the inoculation of a strain of virus 
attenuated by adaptation to another host. Vaccinia is perhaps to be re- 
garded as variola attenuated by animal passage, and the inoculation of 
man with vaccine virus provides a solid immunity to smallpox. Similarly, 
rabies prophylactic is rabies virus attenuated for man by adaptation to 

^ Berry and Dedrick: Jour. Bact., 1936, Sf :50. 

Nicolau and Kopciowska: Compt. Rend. Soc. BioL, 1935, 

Findlay and MacCallum: Brit. Jour. Exp. Path., 1938, 19:384. 

46 (yf tiie reviews of Bedsonr Proc. Roy. Soc. IMed., 1937, 31:59j Burnet, Keogh and 
Lush: Australian Jour. Exp. Biol. Med.. 1937. #5.-227: 3rd lecture in Rivers: Viruses and 
Virus Diseases, Stanford Univ. Publ. Ser. Med. Sci., 1939, Vol. 4. No. 1. 
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the rabbit, and recently developed methods for active immunization against 
yellow fever make use of a virus strain adapted to tissue culture. 

The problem of producing effective immunizing preparations in which 
the virus is entirely non-infective is complex. At one time it was thought 
that such preparations would not produce the immune state, a belief prob- 
ably based on the fact that it was impossible to introduce enough virus 
antigen into the host to induce a detectable immune state except by in- 
jecting active virus and letting it multiply there. Since methods have been 
discovered for producing large amounts of virus, such as by cultivation 
in fertile eggs, it has been possible to produce effective antigens in which 
the infectivity has been entirely destroyed. Care must be exercised in the 
selection of an inactivating agent to avoid using one that destroys the 
antigenicity as well as the infectivity. Formalin and ultra violet I’adiation 
have been most satisfactory to date for preparing viral vaccines; the former 
is used in equine encephalomyelitis and influenza vaccines, and the latter 
has proven of value experimentally with several viruses. 

There is some evidence that the lasting immunity following a virus dis- 
ease, when it does occur, is due to an infection-immunity (p. 685). The 
virus of infectious equine anemia, for example, has been found in the blood 
of a horse as long as fifteen years after recovery,^^ submaxillary gland virus 
persists as an inapparent infection in guinea pigs, vaccinia virus has been 
recovered from rabbits as long as 252 days after infection, and viruses 
persist indefinitely in plants as an inapparent infection. Other work has 
failed to show a correlation between persistence of detectable vaccinia virus 
and immunity That virus may persist in at least some cases in associa- 
tion with the immune state would appear, however, to be definitely es- 
tablished. Obviously a vaccine made with an inactive virus cannot be ex- 
pected to produce lasting immunity if the latter is dependent upon per- 
sistence of living virus. 

Humoral antibodies are developed as a consequence of immunization 
with the viruses as evidenced by the protective properties of immune 
serum. The serum neutralization test, the most commonly used immuno- 
logical reaction in the study of the virus diseases, consists of the inoculation 
of a susceptible animal with a mixture of virus and serum ; immune serum 
will protect against many lethal doses of virus. The nature of the protective 
process is not clear.^® 

The antibody content of antiviral sera may be demonstrated in other 
ways. The agglutination of elementary bodies by immune serum may be 
observed in the case of the larger viruses both microscopically and macro- 
scopically in the same manner as the agglutination of bacteria.^® Precipitin 
tests in vaccinia and variola were early described, and in the case of vac- 
cinia the flocculation has been found to be due both to a true precipitation 

47 ( 7 /^ Watson: Genetics of Viruses Pathogenic to Animals, 2nd paper in The Genetics 
of Pathogenic Organisms. Science Press. 1940. 

C/. Pearce: Jour. Inf. Dis., 1940, 6^:130; Morgan and Olitsky: Jour. Immunol., 
1940, 39:1. 

Cf. the discussion by Salaman: Brit. Jour. Exp. Path., 1938, f 9:192. 

Craigie and Wishart: Brit. Jour. Exp. Path., 1934, f5:390. 
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of soluble antigen and to an agglutination of elementary bodies.®^ Precipitin 
tests with specific immune sera have been described with the soluble anti- 
gens of lymphocytic choriomeningitis and of infectious myxoma. The com- 
plement-fixation test has been reported to be successful in a variety of 
virus diseases, including vaccinia, lymphocytic choriomeningitis, equine 
encephalomyelitis, yellow fever, influenza, and others. Of the in vitro sero- 
logical tests, complement fixation is perhaps best adapted to the study of 
the virus infections since relatively small amounts of antigen are required . 

The contribution of humoral antibody to immunity against virus in- 
fections is variable from one disease to another. There is reason to believe 
that antibody is ineffective against intracellular virus, and it would seem 
to follow that once a virus becomes established in the tissues considerable 
multiplication could occur in spite of antibody being present in the blood 
and tissue spaces. Indeed, in the unique situation found with virus tumors, 
it appears that the virus is present in each daughter cell following mitosis 
and, multiplying there, stimulates the daughter cell in turn to growth and 
division. Such a virus is capable of indefinite multiplication (as long as the 
tumor is growing) without ever being outside a cell. 

The question of passive immunization is of interest in this connection. 
There is an analogy with certain of the bacterial toxemias, in that anti- 
bodies are unable to protect cells already parasitized but the presence of 
antibody may serve to prevent the further dissemination of infection. 
Practically, there is reason to think that virus may be widespread in a 
tissue and established in many cells before clinical signs of infection are 
apparent. The therapeutic effect of antiviral sera in general is not great. 

Hypersensitivity . — A hypersensitive state has not been demonstrated in 
most of the virus diseases. In venereal lymphogranuloma, however, a skin 
reaction is produced in response to the intradermal inoculation of heated 
pus from infected bubos or of virus from other sources (p. 825). A skin re- 
action has also been produced in animals infected with the psittacosis virus. 

Antigenic Analysis of Viruses . — ^With some of the smaller viruses, and 
those shown to consist of a single molecular species, it appears that a single 
antigen is responsible for the various serological reactions which may be 
demonstrated, such as neutralization, complement fixation and precipita- 
tion. Study of some of the more complex viruses has shown that soluble 
antigens demonstrable by complement fixation or precipitation technique 
may be separated from the virus itself. Indirect evidence of duahty, at 
least of antigens is obtained from a comparison of immunologic relation- 
ships among groups of viruses when tested by the neutralization test and 
by the complement fixation test. The pattern of relationship has been 
found to be quite different in some cases, depending upon which test is 
employed. For example see the psittacosis-lymphogranuloma group (p.819) 

and a neurotropic group (p. 844). ^ i? • 

The most detailed examination of the antigemc make-up of a virus has 
taken place in Rivers’ laboratory in a study of vaccima virus.^^ A soluble 
antigen first described by Craigie in 1932 has been fo’md to be protein m na- 
ture and to consist of two components (L and S) with different heat stabil 
Craigie: Brit. Jour. Exp. Path., 1932, i3:2S9. 
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ities. An “X” antigen, responsible for agglutination of eJcnninlary bodies, is 
a complex antigen, part of which may be nucleoprotein. In ad(lil,i()n, tiuire 
is an antigen of unknown nature responsible for the production of mnilj-al- 
izing antibody. 

Non-Specific Factors in Resistance . — Age is a factor in rcsistatnu^. or sus- 
ceptibility to many infectious agents, but several factors assot*ial,(‘d wil.h 
age appear to be unique in influencing the pathogenesis of virus irdectioris. 
Sabin^^ and his colleagues found that in young mice and guinea pigs oiui of 
several neurotropic viruses inoculated intramuscularly or by ol ina* p(U‘iph- 
eral routes, was able to progress to the central nervous sysicjni and pro- 
duce infection there. As the animals became older certain barricu’s app<^ar(Ml 
so that virus no longer was able to reach the central inu-vous systt^ni aflcu' 
peripheral inoculation. The myoneural junction is apparc^nl.ly t.Iu^ site 
of one of these barriers, and others occur in the antc^rior rhiruuu'ephalon 
and the blood vessels. In this study age apparently did not inllueiuu^ sus- 
ceptibility to intracerebral injection but it is known to do so in tlu^ cas(^ of 
rabies virus in mice and St. Louis encephalitis virus in rats. 

When one considers that a virus is intimately dependent for its imdl i- 
plication upon living host cells, it is not surprising to find that disturbaiHuys 
which affect the state of the cells or tissue may influence profoundly ( h<‘ir 
susceptibility to virus infection. One of the most clear cut (sxaiivph^s of (his 
is found in the observation®^ that nerve cells are refractory t,o poli<)niy(‘li(.is 
virus for a time after section of their axons. A profound (iis(,urban<H^ of ( he 
cell body occurs after such section, as evidenced by the redact ion of (^lu’ortiia- 
tolysis and, although the refractiveness does not exactly parallt^I this visu(d 
evidence of an altered condition, the insusceptibility must deptuid upon 
what may be called a change in physiologic state of the (m-II. 

Susceptibility of cells is also influenced by temperature. It is wcill known 
that fever, artificial or otherwise, will often bring on an attac.k of h(M’p(‘s 
(p. 806). Whether this is a direct effect of heat on the sus(H>p( ibh^ c(‘lls 
is unknown. Relatively small differences in temperature of (^xficuirmuital 
animals or tissue cultures sometimes determine whether growlti ol a virus 
will occur. 

A number of investigations concerning the influence of vilaniins ui)on 
resistance to virus infection have been reported. Thiamin d(dl(uen(‘y in 
pigeons apparently activated a latent virus of the ornithosis group.®^ Vil,a- 
min deficiencies may retard the development of the natural barricu-s (,o 
virus migration described above. Observations with poliomyelitis virus sug- 
gested at first that vitamin deficiency rendered mice more rcsistatit to 
infection, but it was later found that simple under-nutrition would pro- 
duce the same result. This is more fully discussed on page 850. 

Interference Phenomenon . — The presence of one virus in a susceptible 
tissue sometimes prevents the growth of a related strain in the same tis- 
sue. A number of examples of this phenomenon have been rccordcil and 
the evidence is strong that it does not depend upon the mechanisms usually 

5* Sabin and Olitsky: Proc. Soc. Exper. Biol, and Med., 1938, 38 :^ 91 . 

“ Howe and Bodian: Bull. Johns Hopkins Hosp., 1941, 69:92. 

Pinkerton and Swank; Proc. Soc. Exp. Biol, and Med., 1940, 45:704, 
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associated with the immune state. In 1935 Hoskins*^^ reported that inocu- 
lation of a monkey with both virulent pantropic yellow fever virus and an 
avirulent neurotropic strain did not result in infection, provided the neuro- 
tropic strain was injected not later than twenty hours after the virulent 
strain was given. Similar observations have been reported for several other 
combinations of animal viruses and for plant viruses. Influenza virus®® and 
bacteriophage®’^ when treated with ultraviolet light to the point of destroy- 
ing infectivity were still able to exert the interfering effect upon the same 
or related active strain. 

The Nature of Viruses (Summary). — For many years the filterable 
viruses have been regarded as exceedingly small microorganisms differing 
only in size from bacteria. Proliferation and adaptive responses to altered 
environmental conditions are reasonably regarded as properties possessed 
by living as opposed to inanimate matter. There is, in fact, direct micro- 
scopical evidence that the elementary bodies of some viruses multiply by 
binary fission. 

The obligate cytotr'opism of the viruses is perhaps to be regarded as 
evidence of a highly developed degree of parasitism approached by certain 
ba(deria suc'h as the leprosy bacillus, Bartonella, the spirochete of syphilis 
and olhers. llie failure of the viruses to exhibit an independent metabolism 
has 1 (hI many to believe that these agents are living microorganisms so 
degerujratc thal, (,luiy are dependent upon the host cells for enzyme systems 
and ar(^ in the nature of “naked nuclei” or genes which adopt the proto- 
plasm of the host as their own cytoplasm.®^ 

In recent years the demonstration, by filtration experiments and other 
methods, of the exc‘.e(i(lingly small size of some viruses, together with the 
isolation and sl,udy of liie “virus proteins” of some of the plant viruses, 
has led many to (piostion the animate nature of these agents. In the case of a 
V(n\y small virus, 10 to 15 m/x in diameter, there cannot be any great degree 
of organization, for tluvre is room for only a few protein molecules. The 
“virus proteins” are regarded by many as autocatalytic substances lying 
in l,h(^ bord(‘.rland between the lifeless and the living. 

(3(^arjy, lluui, no cjonclusion can as yet be drawn regarding the general 
nature' of (be viruses. Two points should be noted in this connection. In 
the first }>lac!e, the disliuction between living and dead matter may perhaps 
Ixicome (fuite as pointless as regards the viruses as the once debated plant 
or animal nature of the bacteria. In the second, it is not only unnecessary 
but undesirable to assume that all viruses are of essentially the same nature; 
it is altogctluu' possible, even probable, that some of the larger ones, such 
as tlu', virus of vaccinia, are minute microorganisms which differ from 
bac(.eria only iu size and cultural requirements, while very small viruses 
arc homogeneous autocatalytic proteins. 

Hoskins: Am. Jour. Trop. Med., 1935, f5:675. 

Ziegler and Horsfall: Jour. Exp. Med. 1944, 79;361. 

Luria: Arch. Biochem., 1942, i:207. 

Cy. th (5 discussion of Gortner: Science, 1938, ^7:529. 
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VIRUS DISEASES OF MAN' 

By F. B. Gordon, Pir.D., M.D.^ 

Virus infections of man produ(*,o many (iillennil, clinical ( yp(\s ol <iis(‘asc, 
and their heterogeneity in regard U) this charac'l.c^r as vv(‘ll as oth<n*s vx- 
ceeds that of the true bacterial diseases. Many of the most imporlanl in- 
fectious diseases of man arc in this grou]), and although l,h<* ((‘clinical 
difficulties of virus investigation have intcrffiriHl with th(^ actaimulal ion 
of knowledge concerning some of these dis(^as(\s, inU‘nsiv<‘ inv(‘sligal ion 
in other cases has uncovered suffic^ienl. fai^l.s to load to valuahh‘ rn(‘lhods 
of control. The practical difficulties of propagation and id(‘n( ihcat ion of a 
virus, in contrast to a bacterium, arc of particadar signihcan<*(‘ in lh(‘ labora- 
tory diagnosis of the infections. In many cases tiu'sre is no salislai‘.lory 
method of laboratory diagnosis even in especially e(|ui{)p('d lahoratori<‘s, 
and the diagnosis is made by the clinician. Tlun'c are a f(^w c‘x<^(‘ptions (o 
this at present, however, ancl with advance in knowlcKlge l.lu^ (hwadopnnmt 
of more satisfactory methods of laboratory diagnosis in (his grouf) of dis- 
eases may be expected. 

In this chapter pertinent data concerning the virus dis(‘as(‘s of man are 
brought together. Many of these viruses also prodiic^c^ s|)onlan(‘ous dis- 
ease in animals. For information (*.orK‘,erning virus discas(‘s albM'ling only 
animals or plants the reader is referred to appro()ria(,(‘ gimeral n^ha'mici^s 
in Chapter 36. 

SMALLPOX (VARIOLA) AND YACC:INIA 

Smallpox is a generalized disease characterized by skin lesions app(‘aring 
first as papules and developing into vesicles aiul pusl.ules whiidi, nf((‘r 
healing, may leave the deep, pitted scars that sometim(‘s n(*.(‘.ompany 
covery from this disease. Smallpox was recogrxized in China b(‘for-<^ ( h<i 
Christian era, and during the Middle Ages it was prevalent throughout 
Europe, reaching England and spreading to the New Work! in th(i six- 
teenth century. At the present time it is endemic in many pfirt,s of ( hci worl<l 
and epidemics are not infrequent, especially when prophyknslicj im^asuri^s 
are relaxed. 

Epidemiology. 2 — Smallpox is usually most prevalent in the wint<u* or 
early spring months. It attacks all age groups but has apf)(‘ar(‘d at times 
mainly as a disease of children, or at other times as a disease of tidulls, 

* Associate Professor of Bacteriology, the University of Chicago. 

1 Detailed information on certain aspects of many of these diseases may he found in 
Virus and Rickettsial Diseases, Harvard School of Public Health Symposium. Harvard 
University Press. Cambridge. 1940. 

2 Cf. Russell: Epidemiology and Control of Variola, pp. 176-200.’^ 
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depending upon the level of immunity, naturally or artificially acquired, 
in the population at the time. 

The infeclivity of a case is high and lasts from some time during the 
incubation period until well into convalescence. Virus is present in the 
skin lesions, remaining active for long periods in the dried crusts, and is 
no doubt also present in respiratory and buccal discharge, especially when 
lesions are pr-esent upon the mucous membrane of these regions. Trans- 
mission is by direct or indirect contact. 

Observers have suspected for many years that smallpox exists in two 
forms — a severe “malignant smallpox,” and a benign type which has been 
called by a variety of names (alastrim, cottonpox, kafirpox, paravariola, 
etc.). Convincing epidemiological evidence of the existence of two forms 



228. — Idc’tnH'jnlary bodies of vaccinia; Morosow’s stain; X 1000. From Parker 
and Hiv<‘rs: Jour. I5xp, 1035, 6‘2:65. (Reproduced through the courtesy of the 

authors and publistier.) 


of tlu^. discas(i has been presented by Chapin^ and by Hedrick.^ The case 
fatality in the mild form is less than 1 per cent; that in the malignant form 
25 to 50 per <;cnt. There is no evidence that there is a mutation of one strain 
of (.h(^ virus to another. The mild form is the predominant type in this 
countr’y at present, iil though the malignant form has occurred from time 
to time, apparenlJy as the result of importation. Due to its mildness the 
former typ('. is a( 5 tually the more difficult to control, and there have been 
wid(i lluctualions in the number of cases reported in the Registration Area. 
In 1958 there were 14,959 cases (11.5 per 100,000) but in 1942 the figure 
was approximately 865 (0.6 per 100,000). The death rate has remained less 
than 0.1 per 100,000. 

» Chapin: Jour. Prev. Med., 1932, 6:273. 

* UcMlrick: Pub. TteaUb Repts., 1936, 5f:363. 
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Vaccinia*' — Some of the eurly investigators loiuid tiie ot 

smallpox, when inoculated into calves or rabbits, was <thari^-(‘d in natun^ 
and became the agent of vaccinia, used in immunizaf ion against smallpox. 
A preliminary passage through monkeys is said to facalifate lliis nmdid- 
cation.® Vaccinia in man may be defined as a mild, usually lotud, dis(Nist‘ 
transmitted by artificial dermal inoculation, and r<‘sulting in immunity 
against smallpox. Investigations of these two infe<^(ions have goiit^ hand 
in hand, and it is impracticable, if not undesirable, l.o I real, tluan separat t^ly. 

The Virus. — Although bacteria may often be found in variolous pus- 
tules, their irregularity of presence and type led tlu^ (‘arly observer’s (o 
look further for an etiological agent. Attention was <lrawn to pe(ndiar 
bodies within the epithelial cells of lesions of both variola and vaccinia, 
which Guarnieri in 1892 regarded as protozoa and nanunl Cyloryctes mr- 
ciniae et variolae. These are now recognized as inclusion bodies ((hiarnicr’i 
bodies). Paschen later described tiny corpus(*.ular (‘hmuuUs ((‘lermmtary 
bodies) in vaccine lymph which are now regardcid as purti<l(\s of virus (p. 
787 and Fig. 228). Numerous morphological studies havt^ becri made of 
Guarnieri bodies and vaccinal elementary bodies. Various observers havc^ 
brought evidence that the Guarnieri body is made up of a <u>l(my of (^hatien- 
tary bodies which are released when the cell and tlie (U)utained Guarnieri 
body eventually are disrupted. This is the proc(^ss d(^pi(d,ed with aiuHher 
virus in Fig. 223. Morphological elements other than (‘hammtary bodies 
have been described in association with this virus. nisk-shap<al forms 
and “spheres” similar to those seen in cultures of the pleuropneumonia 
agent have been observed.® The appearance of tlui ebarnniitary bo<U<\s 
under the electron microscope is shown in Fig. 226. 

The virus of smallpox is said to be naturally infect ious for monkeys as 
well as man, and if it is transmitted serially through irnonkeys it apparent ly 
keeps its identity, in contrast to the modification prodiuuKl by passagi} 
in calves or rabbits. It also retains the character of variohx virus whim 
passed in fertile eggs, in which it has been propagated by stivin’al workia’s.^ 
Vaccinia® is transmissible to many species of animals, but varying dt'gns^s 
of reaction are obtained. The rabbit is the common laboratory animal for 
the maintenance of this virus, and strains may be propagat(*(l in tlu^ skin, 
testis or brain. The inoculation of variolous material onto tlui (joriH^a of a 
rabbit (Paul’s test) has been used as a diagnostic procedure for smalliiox. 
The development of a keratitis in which Guarnieri bodices ari^ dtanonst.ralile 
microscopically indicates a positive test (Fig. 220) . 

5 Attempts to produce the transformation are by no means always HU<:<u{HHfal. For a 
review and account of a successful attempt see: Horgan: Jour. Hyg., 1938, 38:102. 

® Eisenberg-Merling: Jour. Path, and Bact,, 1940, 59:279. 

’ Cf. Nelson: Jour. Exp. Med., 1939, 70:107. 

8 Because of the practical importance of the virus of vaccinia, and the ease of propa- 
gating large amounts of it in the laboratory, it has been intensively inv<*stigated an<l 
is regarded as a representative virus. To discuss the accumulated facts concerning it 
would require considerable space and much repetition of the material presented in the 
preceding chapter. For other specific information concerning the virus of vaccinia, 
therefore, the reader is referred to the appropriate section of Chapter 36, and to the 
review by Rivers in Virus Diseases. Cornell University Press. Itliaca. 1943, pp. 3-31. 
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Immunization against Smallpox. — Immunization against this dis- 
ease, practiced from early times, was first accomplished by variolation, 
an artificial inoculation with smallpox virus. Crusts of smallpox lesions 
or the fluid from vesicles was applied in one of several ways to the skin 
or the nasal mucous rnembrane. The result was usually a mild case of 
smallpox with recovery, and the subject no doubt enjoyed a high degree 
of immunity against the natural disease. 

The relation between human smallpox and cowpox, a disease manifested 
under natural conditions as a vesicular eruption on the udder, was clearly 
established in 1798 by the well-known observations of Jenner. Noting that 
dairy workers who had had cowpox were less liable than others to con- 
tract smallpox, Jenner advocated on this and other substantial grounds 
the systematic inoculation of cowpox virus as a pi'otection against small- 
pox. The practical success achieved by this method of immunization was 
amply confirmed and is now a matter of common knowledge. 

The Relation of Cowpox to Vaccinia . — The terms cowpox and vaccinia 
ar(‘, usually used synonymously since the lesions produced by the two are 
(juite similar grossly, and it has been shown repeatedly that strains of 
the two infections produce very good cross immunity. The ultimate origin 
of all strains of vaccine virus now used commercially is not known. It is 
assunuid lliat some at least have been derived from variola, while others 
may repres<nit the original cowpox strain used by Jenner. 

( )bs(M'vations by Downie® have added evidence to previous suggestions 
that th<\s(i I wo viruses arc not identical. He has described differences in 
the histological a[)pc‘arance of the lesions and inclusion bodies of the two 
virus(\s when grown upon the chorioallantoic membrane of chick embryos 
and in animals. What is perhaps more significant, cross-serological tests 
(aggiutinalioti, c;om})lcment-fixation, neutralization) with absorbed and 
unabsorlx^d s(u*a showed that there exists a qualitative antigenic difference 
betwe(ui l,h<j two types. Bedsides cowpox, there are a number of other “pock 
dis(^as(\s” of animals which, it is thought, are related more or less closely 
to cowpox aiul variola. Immunological tests by the refined techniques now 
availabhi would further an understanding of relationships within this 
group. 

Vaccination.- Vacudne for human use is prepared by rubbing the virus 
into s(a*atch(\s on the shaved and carefully prepared abdomens of calves. 
’'Fhc^ vii'us” used for inoculation is kept fully active and at high titer 

by freepumt passage through rabbits. After confluent vesicles have ap- 
peared along the sc‘.ratchcs the virus is harvested by scraping off the vesicle 
walls and contents (vaccine “lymph’O and emulsifying in glycerin. Bac- 
terial counts arc made, and cultural and animal tests are performed to 
dtitcct CL tetani or otlur pathogens. After satisfactory tests for potency of 
the virus, the vaccine is tubed and stored at refrigerator temperatures. 

Vaccjination by the scratch method was popular at one time, but the 
method in fixvor at present is known as the “multiple-pressure” method/® 
which has the advantage of producing minimal scarring and being ap- 

» Downic: Jour. Path. Bact., 1939, 45:361. 

10 I^oake: Pub. Health Hepts., 1927, 42:221. 



806 Vims Diseases of Mati, 

parently less liable lo bacterial infection. Afl<‘r (h(‘ sif(‘ is <*l(‘ans(Mi with 
acetone, a needle held horizontal to the surra(H‘ is pressed n‘tM‘a(<slly 
against the skin through a drop of va(‘.<an(% lh<* elasticity of (he skin 
causing the point of the needle ea<‘,h l.ini<' t.o cnt(‘r (he (’‘pide'rnns. I he (w- 
cess vaccine is then wiped olT and a dr(\ssing is not ustsi. 

A successful vaccination in a non-iininun<^ ptu’son r(‘suits in I lie produ<‘- 
tion after two or three days of a papuh'. w ITudi (hw elops into a \<‘si(’le, 
reaching its maximum on the eighth to tw<jlflh day, and hallowed hy a 
crust which finally drops off, leaving the (diaracterist i(‘ st^ar. I’he “inunmui 
reaction, seen in immune persons, (consists in th<‘ rapid development 
of a papule which begins to subside on the second or third da> and rawaa* 
reaches vesicle stage. An “accelerated’' or “va(Hnnoid n^aetiond' prolnibiy 
indicating partial immunity, is similar to th(^ lni<* <*)r “primary" r(‘a(‘tion 
described above except that it is not so s(w<‘re and runs a sliorler and mor(‘ 
rapid course. 

In addition to calf lymph, tissuc--cultur<^ virusd* virus grown in ha tih* 
eggs,^^ and filtered sheep- vaccine pulp''^ have b(‘(ni saggiest < m 1 and nse<j 
to some extent for jennerian prophylaxis. ''Idu^y havt* th<‘ advantage of 
being bacteria free, which allows iiitradermal inoe.ulation rollowe<l by im- 
munity without the production of a siuu*. 

Vaccination is recommended for infants during th(‘ first ytsar of life. 
A first vaccination delayed until after th<^ first yiMu* apparently increases 
the chances of ‘‘postvaccination encephalitis” ([>. 81'!). A second vat'ctna- 
tion during school age or later is r(^gard(‘<l as f)roviding a r<‘lativ<‘ly safe 
level of immunity for life. 

IIERl^KS 

Infection in man with the virus of h(upes‘‘^ Is manifest<‘d by the nppi^ar- 
ance of a vesicular eruption on skin or rmujous m(',mb^an(^ Ofltm loc^nti^d 
at the borders of the lips or nares (“cold sores,” herf>efi lahialis), (he vt^sii'les 
are sometimes distributed bilaterally or may bci morii w idespn^ail. 'Flu' mu- 
cosa of the genital tract may be attac,ked (herpes genilalis), and keratit is 
has been associated with this virus. Herpes often uccompanii^s fiwm’s of 
various types, particularly pneumonia and cerebrospinal imuiingitis (“bwea* 
blisters,” herpes fehrilis). It is not an infectious liiseast^ in th<^ usual scaiH<% 
but depends largely upon factors inherent in tlu^ paluait. slighUvst 
exposure to cold, a very mild nasal infection, emotional strain, or mciu- 
struation will incite a crop of herpetic eruptions in some indivhluals, whiles 
in others the stimulus must be more severe. Boak, ("arpenlia* and Warrimd^ 
in work with artificial-fever therapy for syphilis and other infections, n^port 
that about 60 per cent of the patients suffer an attack of simplex. 

Other observations^® have shown rather conclusively tliat aphthous stoma- 
titis, a common clinical condition in infants from one to thr(^<^ yi^ars of ag(% 

Rivers, Ward ajEid Baird: Jour. Exp. Med., 1939, d9;857. 

12 Buddiugh: Amer. Jour. Pub. Health, 1937, 27.1135. 

13 Henderson and McClean: Jour. Hyg., 1939, 59:630. 

1^ The disease described here is also called herpes simplex to cliatiriguiHti it from herpes 
zoster, another disease which may also be of virus etiology. 

15 Bo^, Carpenter and Warren: Jour. Bact., 1934, 27:8^ 

18 Dodd, Johnston and Buddingb: Jour. Pediat., 1938, f2:95. 



Herpes 807 

accompanied by fever and toxic symptoms, is caused by the virus 
of herpes. 

The possible relation between herpes and encephalitis lethargica is dis- 
cussed elsewhere (p. 836), but it should be mentioned here that good evi- 
dence for the etiological role of herpes virus in a case of encephalitis in an 
infant has recently appeared. Smith and her associates'^ demonstrated 
typical herpetic inclusions in the brain tissue of the patient and recovered 
a strain of herpes virus by inoculation of mice. 

TJhe Virus. — Transmission was demonstrated in 1912 when Grliter 
showed that fluid from herpetic vesicles produced a keratitis when placed 
upon the scarified cornea of the rabbit. Herpetic lesions may also be pro- 
duced in the rabbit’s skin, and from both these sites virus may migrate 
along nerve pathways to the brain, producing an encephalitis.^^ Other ani- 
mals exhibit varying degrees of susceptibility. A local vesicular lesion 
is produced after inoculation of the foot pad of a guinea pig, but the central 
nervous system is usually not invaded. An encephalitis follows intracere- 



Mg. 229,— Intraniulciar inclusion bodies of herpes. Two large nerve cells are seen, 
(’,oril,ainina: an inlranuchiar inclusion, (l^rom Smith, Lcnnette and Keames: Amer. 
Jour, i^uh., 1911, f7:55. Reproduced through the kindness of the authors and pub 
Usheu’H.) 

bra I inoculalion of mice, and generalized infection of suckHng mice has 
beam <los<;ril)(id^^ following intranasal inoculation. The results of attempts 
1,0 infe(it monkeys have been variable. Multiplication of the virus is easily 
ohl-aincMl in tissue culture as well as upon the chorioallantoic membrane 
of tlu^ (‘.hick embryo.^® 

Th(j charuc-teristic intranuclear inclusion (type A), seen in infected tis- 
su<\s, Is an acidopliilic mass which almost completely replaces the nuclear 
chi'omatin. The latter accumulates at the nuclear membrane, a disturbance 
fr(Hiucntly called margination of the chromatin (Fig. 229; see also Fig. 
222 for tins type of inclusion). Some workers have reported the demon- 
sti-alion of elementary bodies in infected tissues, or within the inclusion 
b()dy.‘^^ 

n Smith, I.cmuatc-. and Beanies: Amcr. Jour. Path., 1941, f7;55. 

(Jood pasture’: and ''ternguei: Jour, Med. Res., 1923, 44:139. 

Slaviu and Berry: Jour. Kxp. Med., 1943, 75.'321. 

Shader and lenders: Jour. Iniinunol., 1939, J7:383. 

Nicolau and Kopoiowska: Ann. Inst. Pasteur, 1938, 60 Ml. 
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Herpes virus is relatively large, falling within (,he group iiaving a diam- 
eter greater than 100 mg. It may be stored for rtuuiy months in inhMded 
tissue in 50 per cent glycerin, and some investigators hav(‘ n^port^^l im 
enhancement of virulence by such treatment. 

Immunity. — Although some local immunity may follow (h<‘ skin h*.- 
sions in man, auto-inoculation in another region produ(*(\s inl(‘<^tion, and 
apparently little or no general immunity occurs. Soim^ p<u*sons ar<^ <‘sp<s 
daily prone to herpes, and it has been postulated that. lh(^ virus is latent at 
some focus within their bodies, manifesting its presen<a‘ at inliawals by the 
appearance of the eruption a^er fever or otlaa* suitabh^ stimuli. Siu^h a 
focus has not been satisfactorily demonstrated, llie sit,(^ ol t.h(^ skin (uup- 
tion apparently does not harbor vmis, bccaua<i the healed Iesi<»n soon be- 
comes non-inf ective. Burnet and Lush^^ considon^d the (Jass(u*ian ganglion 
to be a likely spot. The similarity to herpes zoster (p. 855), aiul the', provt^d 
transmission of the virus along nerve tracts in animals, as vv(dl as obstu'- 
vations suggesting a similar migration in man, indicate that tlu^ ctaUral 
connections of the fifth cranial nerve might harbor the virus. Inoculation 
of rabbits with the Gasserian ganglia taken at lUHjropsy from six p(‘rson.s 
who had not had herpes with their last illness did not reveal the pnvscau^e 
of the virus. Herpes virus has been demonstrated in saliva and spinal fluid 
of persons with and without herpes lesions, but the signili(uuuu^ of l.lu*s(‘ 
findings, in regard to carriage of the virus, is uncertain. 

The results of neutralization tests with human serum show (hat most 
persons (60-90 per cent) possess antibodies against the virus of h(irp(%s. 
Several observers have noted a peculiar “all-or-nomi” r<\sult with human 
sera — either they have a high titer, or they are devoid of antibody. ''Fhen* 
is some evidence of a correlation between the presence? of antiho<ly aiul a 
tendency to recurrent herpes, suggesting that the antibody in man is th<? 
result of persisting latent infection. 

In contrast to infection in man, herpes in animals is often folIowiMl 
by a general immunity, although sometimes of low grade?, rinmunifcy of 
the cornea of a rabbit following herpetic keratitis is said to last sc?veral 
months but finally to disappear. Immunity in the brain persists longtsr. 
Complement-fixing as well as neutralizing antibodies an? pr(?s(?nt in tht? 
sera of hyperimmunized animals. Immune serum has h(?(?n r<?por( 4 ?d to 
protect mice and rabbits against the development of en(;(?phaiitis ari<?r 
peripheral inoculation of virus, hut this was not possible when virus was 
introduced into the brain.^^ 

INFLUENZA^* 

Influenza occurred at least as early as the fourteenth (?(?ulury, an<l Biiu?t? 
the beginning of the sixteenth century waves of this disease have? sw(?pt 
over the world at more or less frequent intervals, the lat(?8t being the gr(?at 
pandemic of 1918-19.^® 

22 Burnet and Lush: Lancet, 1939, i:629, 

2® Hallauer: Ztschr. f. Hyg., 1937, ii9:505. 

24 See the review by Horsefall: Virus Diseases, Cornell University Pr<?H8. Ithaca. 1943. 
pp. 113-143. 

2® For a review of the earlier literature, see Jordan: JSpidemic Influenza. Aincr. Med, 
Assn. Chicago. 1927. 
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Etiology. — The specific microorganism that was most commonly re- 
garded as the cause of influenza following the pandemic in 1890 is the hemo- 
philic bacillus discovered by Pfeiffer {Hemophilus influenzae, p. 460). 
This bacillus, although not found until 1892, after the initial wave of true 
influenza had passed, was generally regarded by bacteriologists up to 1918 
as the causal agent of influenza. As a consequence of the bacterial observa- 
tions made in 1918—20 and later, it is now established that H. influenzae, 
although often present as a secondary invader in influenza, is not the prim- 
ary agent. A great variety of other microorganisms, such as streptococci, 
especially of the green-producing type, pneumococci, staphylococci, Afeis- 
seria catarrhalis, Friedlander’s bacillus, and various nondescript micro- 
organisms, are found similarly associated with cases of influenza both in 



Fig. 230.-— The seasonal incidence of influenza. Averages of reported cases by months 
for the years 1930 to 1938 inclusive. Data from Supplements to Public Health Reports. 


the upper i c^spiratory tract during the attack and in the pathological lesions 
jiftcu’ death. 

The Virus.— Many of the features of influenza suggested that this dis- 
etise is caused by a filterable virus, and since 1918 investigators have at- 
tempt(id to produce the disease through inoculation of filtered material. 
Many types of animals were used, but up until 1983 success was achieved 
only with chimpanzees.^® The work of Smith, Andrewes and Laidlaw^’ 
(1983), who succeeded in establishing the disease in ferrets by intranasal 
inoculation with nasopharyngeal washings, maidis the beginning of inten- 
sive and productive investigation of this disease. Influenza in ferrets re- 

Ix)ng, Bliss and Carpenter; Jour. Amer. Med. Assn., 1931, 97:1112. 

Smith, Andrewes and Laidlaw: Lancet, 1933, 
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suits ill fever, inflammation of the nasal rmn^Ovsa, arul sonh'lnnes piuMi- 
monia, and transmission is accomplished by inl.ratiasal inornlation with 
filtered respiratory discharge or tissue emulsions. 1'h(*s(i r(\sul(s hav(* htaai 
confirmed by others, and strains of influenza virus fiave Ixhui isolati^l in 
many parts of the world. These strains have all Ix'iai isolati^l from ‘N‘pi- 
demic influenza;” the causative agents of the (^pidianiologically distin- 
guishable “pandemic influenza” and “endemic influenza” remain unknown. 
It was found that ferret virus can be adapted to mic(%“^ and other animals 
have shown varying degrees of susceptibility. Virus (',an isolatixi and 
grown in the fertile egg and is i*ccoverable in relatividy high <‘one<‘nl.rat ion 
and purity from the allantoic fluid.^® Transmission of tiu^ animal strains 
back to man has been accomplished experimentally in lh(^ laboratory, thus 
completing the evidence of the ctiologic role of this virus. 

Influenza virus in throat washings may be pr(‘S(^rv<‘d by mixture with 
equal parts of glycerin. Storage by freezing and drying or in (h(‘ <‘arhon 
dioxide refrigerator is easily accomplished. The virus may Ixi ina<*t iv ati^i 
by soaps, formalin and ultraviolet light without, de.st.roying tln^ anti- 
genicity. A detergent, “Zephiran,” although viriuadal in (uui.ain (’oneim- 
trations, may be diluted to a point where it will d(\sl.roy Ihi^ haettu’ia in 
throat washings hut leave the virus active.'^^ ih-opyhaa^ gly<M)l vapor will 
destroy influenza virus suspended in the air*.®^ 

Early estimations of the size of the virus gave it. a diam(^l<a’ of 80 tu 1 20 
m/i. More recent estimations based on scdirnentalion v(^lo<aty and (‘hxjlron 
microscopy indicate sizes of 70 to 100 mg, diHering with t.luj inva^st igafurs 
and the strains of virus used.^^ Virus emulsions can s(u-v(i as antig^ms in 
complement fixation tests with immune scrums. Tlui inhxOiva^ paiii(*Ie 
apparently acts as antigen but a “soluble” antigen, pcuhaps of pro! (an 
nature, has also been demonstrated, especially in infixjUHj mouses lungs.’*^ 

In 1941 Hirst®^ reported that influenza virus, as (aintairuxl in th(! allan- 
toic fluid of infected eggs, has the ability to agglutinate (jhicken (a-ythro- 
cytes mixed with it. Although certain other virus(is have Ixaai r(^port< 5 d (o 
act similarly, this observation (Hirst’s phenomenon) has had its grtadt^sl 
application in investigations on influenza. The hcanagglutinaf ing powta* is 
closely related to infectivity, and the ability of antiserum to neutralize 
virus is reflected in its inhibition of agglutination of (^rythroc^y t(w in the 
presence of virus. Thus, Hirst’s observation has led to a valualile in vUro 
test which may be substituted for the more curnbersomo mnU.ralizafion 
test with mice. 

Virus Strains . — Although it is certain that the straims isoIatcKl in f(‘rr(4,H 
are responsible for cases of influenza in man, in some epid(^mi<^H it has Ixnm 
particularly difficult to isolate a virus, and human eonval(^S(umts’ sca-a hav(‘ 

^8 Francis and Magill: Science, 1935, 52:353. 

2* Burnet: Austral. Jour. Exp. Biol. & Med. Sci., 1941, J?9:29L 

80 Personnel of U. S. Naval Lab. Res. Unit No. 1: Science, 1942, .9^:543. 

Henle and Zellat: Proc. Soc. Exp. Biol. Med., 1941, //5:5 41: Ilolx^rtson el «/.; 
Science, 1941, 94:612. 

82 Stanley: Jour. Exp. Med., 1944, 79:267. 

88 Lennette and Horsfall: Jour. Exp. Med., 1940, 72:233. 

Hirst: Science, 1941, 94:22. 
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ill some cases shown no increased titer for the established ferret strains. 
During an epidemic of 1936-37 the British workers were able to recover 
strains of virus from as many as 75 per cent of cases by ferret inoculation. 
But in 1939*^'^ during early 'epidemics no strains were recovered from seven- 
teen typical cases, and later only 12 per cent of cases yielded strains. This; 
together with the fact that only one-third of the convalescents showed an 
increase in serum-neutralizing titer, suggests that at least two etiological 
agents were present in 1939, one being difficult to isolate in ferrets and 
antigenically diflerent from the known strains. No clinical differences were 
established between the cases which could or could not be classified as 
influenza on the. basis of the serum tests or isolation of the virus. More 
recent findings have shed light upon this problem. In 1940 strains of in- 
fluenza virus were isolated^® which appeared similar in all respects to the 
strains previously studied except that they were completely different 
antigenically. Strains falling in this group are now called virus of influenza 
B and the earlier strains {e.g., WS, PR8, Melbourne), as well as more re- 
cently isolated, antigenically similar ones, are known as virus of influenza 
A. Some cases of typical epidemic influenza yield neither of these viruses 
and fail to develof) antibody against either, thus giving evidence that one 
or more types exist that have not yet been isolated.^^ 

14ie virus strains of tfie influenza A group show some antigenic diversity 
demonstrable by cross immunity and cross neutralization tests in mice, 
but theni is a broad general similarity. Smith and Andrewes^® in a study 
of twenty-(Mgh(, of thi^se strains found that many antigenic components 
W(U'(‘. })r(^s(mt, but described four major antigens which served as a basis 
for a rough (‘Jassification of the strains.^^ Ferrets and mice^® immune to 
on(‘. si, rain of virus usually show varying degrees of immunity to others, 
although immunity to the homologous strain probably persists longer. 
Similar minor dilferimxuis occur among strains of influenza B virus. 

Ininiuiiity. - An attack of influenza produces only temporary immu- 
nity and r(^|)eated attacks in the same person have occurred. Most adults 
hav(^ anlihody in their sera against influenza, demonstrable either by the 
neutralizalion or the (complement fixation test, indicating previous contact 
with the virus. The level of antibody varies greatly from one individual 
to anotluir, as might be lixpccted, and an attack of influenza produces a 
transi(‘,nt rise in titcer, which eventually returns to the previous level. 
This ris(c has b(cen observed not only in frank cases but in individuals 
who hav(c r(cmained w(cll during an epidemic. Although there is some cor- 
rida!, ion bcctwiHcn amount of serum antibody and resistance to influenza, 
it is apparicnt that other host factors play a r6le in determining whether 
a givim dose of virus will result in infection. Attention has been focused 
on possible lo(cal factors in the respiratory tract. Abnormality of the 

Stuart-UarriH, Smith and Andrewes: T^ancet, 1940, i:205. 

PramuH! Science), 1940, .92:405; Magill: Proc. Soc. Exp. Biol. Med., 1940, 45:162. 

Lenn(ctt(% eL al: Pub. Health Hep., 1941, 56:1777. 

Smith and Andrewes: Brit. Jour. Exp. Path., 1938, f9:293. 

Cy. also I'aylor, Dreguss, and Deriiis: Amer. Jour. Hyg., Sec. B, 1940, 54:36. 

Kraneia anci Magill: Brit. Jour. Exp. Path., 1938, 49:284. 

« Rickard, el aL: Pub. Health Rep., 1941, 56:1819. 
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nasal mucosa in the ferret, observed histologically, has beim sliown to 
influence susceptibility in that animal. The significance of a virus iieulrah 
izing substance found in human nasal secretions, and at least related to 
serum antibody, is not yet known. 

Active Immunization . — Parenteral inoculation of experimental animals 
with influenza virus will protect them against a subsequtait intranasal 
inoculation. This can be accomplished with virus rendered iion-inhH', live 
in a number of ways as well as with active virus. Similar inoculation of 
man with various virus preparations induces an increased serum antibody 
titer, and susceptibility to subsequent induced infection can be lovvcin^d 
by such procedures. Many of the attempts to protect man against, natural 
exposure by active immunization have given negative or e(pnvo{‘al re- 
sults, no doubt in part due to the diverse etiology of Imman inlhnniza, but 
other factors may also be of significance. However, a prc^liminary r(‘port'*^ 
of the results of an extensive field trial indicates that a ])()Iy vah^nt. vatua'ne 
(containing both A and B strains) lowered the inoiden(‘,e of clinical iidhnmza 
during a subsequent epidemic period in all the groups to w,hi(^h it was giv(UL 
The vaccine was made from concentrated virus in allantoiii fluid, nmdenKl 
non-infective by the addition of formaldehyde in 1 : 5000 dilution, and given 
subcutaneously in a single dose of 1 cc. 

Passive Immunization . — Injection of immune sevrum has a prole<ttiv(^ 
effect against intranasal inoculations of the virus in mic5<^ and tiu; (dh'ct 
is much greater if the serum is given intranasally. Favorahfi^ n^sults hav<^ 
been reported^^ in an attempt to protect man during an (',pid(‘ini(‘, of in- 
fluenza by allowing the subjects to inhale finely disp(u\s<Hl dropI<‘ts of 
immune horse serum. Inhalation of immune human serum was foumi in 
other experinients^^'* not to protect human volunt(Mirs against art,ifi<ual 
infection induced by inhalation of finely dispersed virus susp(*nsi()n. 

Swine Influenza.^® — A respiratory disease of swiruj in thtt i\Iidw(*st was 
observed at the time of the 1918 pandemic of infliuinza in man, whem ils 
similarity to the human disease was noted. The chujidation of its (d.iology, 
antedating that of human influenza, appeared in 1930, wluui Shopti found 
that two agents are associated with the disease, both of which must b(‘ 
present to produce the typical clinical syndrome. Hci isolatt^l u fiU,(u*ahl<i 
virus and a hemophilic organism very similar to Phulhir's bacillus, wlu<d)i 
he called Hemophilus influenzae suis . The virus alone wluui iruKailaUKl into 
a pig produced a minimal, sometimes inapparcut, infecjtion t(u*mc!<l “filtratcj 
disease.” The simultaneous inoculation of the hemophilic organism or th<i 
inoculation of the virus into a pig which was a carrujr of this ba<allus m- 
suited in production of typical swine influenza. These findings Bugg<‘st<Ml 
that the disease in man was of a similar dual nature, but subs<K|n(mt in 
vestigation with human strains has shown that the virtxs itsc^lf is (^apabhi 
of producing the complete disease picture. 

^2 gurnet. Lush and Jackson: Brit. Jour. Exper. Pathol., 1939, 20:377. 

Commfssion on Influenza: Jour. Amer. Med. Assn., 1944, 424:982. 

^ Smorodintseff, Gulamofl; and Tschalldna: Zeitschr. t Klin. Med., PHO, i38:7C><>. 

Report of Commission on Influenza, U. S. Army, April, 1944. 

« Cf. Shope: Virus Diseases. Cornell University Press. Ithaca. 1943. pp. 85-109. 
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Swine influenza appears on midwestern farms in the autumn and spreads 
with great rapidity. Shope, while not denying the contagious nature of 
the disease, questions whether the rapid spread can be accounted for on 
the basis of contact, and suggests that the sudden appearance of the dis- 
ease in a previously healthy herd may be due to some “exciting” cause 
ac ting in a herd in which carriers of the virus are already present. He has 
discovered a complex cycle^® of transmission, involving two reservoir hosts, 
which represents a possible means of dissemination of the virus in a masked 
form throughout a herd. He has shown that lungworms (nematodes) from 
infected swine contain the virus. The lungworm ova are excreted in the 
pig’s feces where they are ingested by earthworms in which the larvae ap- 
pear. The cycle is completed when the earthworm is eaten by a pig, in 
whic.h the' adult worms develop. Virus is carried by larvae developing from 
ova laid by worms in an infected pig, and reaches another pig when the 
infeictcd larvae witliin the earthworm are ingested. The development 
of the (‘Jinicial disease, however, does not occur until some exciting cause 
c,oni(\s into atdion. Arlificially, an injection of H. influenzae suis can act 
as I he excit ing ciause but climatic conditions also may be concerned. 
Natural (qjizool/a^s of swine irdluenza occur only during the winter months 
(()(', tol)(‘.r 1,0 April) and it is only during this period that experimental 
transmission l)y lungworirjs is demonstrable. 

Th(‘. virus of swine influenza is closely related to the human strains, both 
fernds and rni(5<i Ixang susccpliblc to swine as well as human strains, and 
both l.yf)C!S of sl.rains producing similar infections in swine. Cross-immu- 
nizalion l,<^sts indic-ale that there is some antigenic overlapping between 
human infliamza A and swine strains. 

Pill [MARY ATYPICAL PNEUMONIA 

During the y(^ars 1910 to 1942 an influenza-like disease of the respira- 
(,ory (racd, gaiiu^l gcuKual recognition, although the first observations had 
IxMui r(‘eord(Ml som(‘. yc^ars earlier. This clinical entity was first described 
und(a* a varitd/y of narru^s hut the ofricially suggested term “primary atypi- 
cal piKHirnonia, (d-iology unknown”^^ soon came into general use. 

b]pid<ani(‘, and sf)oradic cases arc recognized, the former having been ob- 
s<a v(Hl <‘sp(H;ially among army and navy personnel, among which the dis- 
(^as(^ has Ixmui a pobMdially serious cause of incapacitation. The sporadic 
eas(^s in gcuieral liave been more severe and presented a wide variety of 
(dinical charact(a\s, whiles (he epidemic form is usually milder, many cases 
(exhibiting only an uppeu’ r(ivSpiratory infection. It should be borne in mind, 
however, that mild e^ascis are much more readily recognized during an epi- 
d(vmic and we have no real (widence that the infectious agents found in 
th(i sporadic typ(^. may not also produce mild infections, the true nature 
of which goes xmr(HX)gnized. One of the characteristics of this disease, re- 
cord<id by many obs(^rvers, is the relatively severe pulmonary involvement, 
r(jv(^al(id by (he x-ray, which may be present when the physical signs and 
general (condition of the patient give no hint that the lower respiratory 
t racd, is afT(Xii(^d, 

Shopc'.: Jour, Kxp. Med., 1941, 7Zt:49. 


47 War Medicine, 1942, 2:330. 
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No obvious bacterial efciologic agent has be<‘n <iLs(‘ov(*nMl in this 
and, in contrast to the usual pneumonias, thcs(^ (uis(\s arc iio(, niodili(^d l)y 
treatment with the sulfonamides. A number ol n()n-l)a<*((M*ial ag('nts iuive 
been shown to be related etiologically to sporadic^ <urs(\s (ailing \\i(,hin tlu^ 
clinical definition of primary atypical pncun\<)nia. Thus, s(‘V(‘raI of (he 
viruses of the psittacosis-lymphogranuloma group (p. 819) produce^ this 
type of illness. Lymphocytic choriomeningitis virus ([). 827) may pro<lu(;<^ 
an influenza-like disease, and infection with Ih'ckellsia diaponrif (p. 776) 
has on occasion taken a pulmonary form. Primary <ioc(*idioidomy(*osis 
(p. 665) also falls within the clinical description o( ( his (lis('as<‘. In jlu* <*pi- 
demic cases, however, failure to isolate the agenls (Mumuu’aP'd, as w(‘ll as 
negative serological fitidings, indical.es that inosl. of lh(*s(‘ cas(‘s, a I h‘ast, 
have a different causative agent. 

No less than six viral agents, other than inlhumza virus and those num- 
tioned above, have been isolated by various investigators <lurir!g a S('arch 
for the cause of primary atypical pneumonia. Varying amounts of <‘vid(m(‘e 
have been submitted for the etiologie, signi(i<‘,an(‘,(5 of (^a(‘.h but. furl Inn* ol)- 
servations are necessary before a final evaluation (um he niad<*. K<‘lVn‘n<*(‘s 
to these investigations may be found in the rc^jHirt by h.at.on aiul his <5o[- 
leagues who have attacked this problem with sonu^ vSiuuaNss. 'flaw (l(‘S(a*ib(* 
the isolation of a virus in cotton rats by iri<)(‘,ulation of tlu* sputum from 
patients. This agent is also infective for hamsters and (^an lx* i>ropagat(‘<l 
in the egg by inoculation into the amniotio (;avity.^^ d^lx^ (wideixM* is goo<J 
that it is the cause of some cases, at least, of this elirue.al syndronx*. 

Another group of investigators^^ offer evidi'ixiii that an *'indi(f(‘r<‘nt 
streptococcus plays some role in this disease. 

Hemagglutinin . — An interesting obs(‘.rvation was made by lh*t(‘r- 
son, Ham and Finland, and confirmed by otlxx's, that s(xum from t^as(*8 
of primary atypical pneumonia will agglutinate Junnan <*ry t.hr<K*y U\s in 
the cold. The reaction is demonstrable at 4° C. but tx>t at 37® ()., lix^ agglu- 
tination being reversible as the tubes arc warnxal. Tlx' antoixunagglul inin 
titer of the patient’s serum begins to rise during the S(HX)rKl w<*<*k <»f ilhx\ss 
and persists for a month or more. This reaction, although des(aalxHl for a 
number of other conditions also, is of value in diagix)sis. It is appanmlly 
negative in those cases due to viruses of the psittacosis group, 

THEfCOMMON COId> 

One of the chief causes of disability the world over is tlu^ noxiUi afftHilion 
of the upper respiratory tract known as the common (iold. Tim symptoms 
are diverse and need little description since they are ex|)eri(aic(*<l by nx)8t 
persons two or three times a year. The “sickness surveys” usually list more 
persons temporarily incapacitated from this cause than from any other. 

Etiology. — It is not necessary to assume that all colds, although they 
may be very similar in their character and sequelae, are causixl by (ix! 
same agent. The initial symptoms of measles and a number of otixu dis- 

Eaton, Meiklejohn and Van Herick: Jour. Exp. Med., 1914, 79:6 i9. 

49 Thomas, ei at: Science, 1943, 9<S;566. 

Peterson, Ham and Finland: Science, 1943, 97:167. 
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eas(is aie v(a‘y siaular to those of the common cold; experimental spraying 
of the upper respiratory tract with pure cultures of the Pfeiffer bacillus 
and ot some other bacteria has, in several instances, produced symptoms 
of the cjommon cold. \i the same time painstaking examination of the 
bacterial flora of the moulh and nose extending over considerable periods 
has shown that there is »io significant increase in number or change in 
ty[)o o( bac^terial flora (joiruudent with the development of a cold in the 
in<hvidual und<;r observation. Furthermore, inoculation of volunteers with 
strains ol a varicil y of organisms isolated from patients with colds has given 
no evidence': of a consistent caxisal relationship. Many investigators have 
h(m(‘,ci Ixuaii (Iriv(ai to searcli for a more specific cause which shall explain, 
among other ibings, tlu': gnurt communicability of colds. This has been 
found, apparcaitly, in a hlterable virus, which gives rise to colds in human 
volunl.e<a‘s and in chimpanzees. 

The Virus.- ()l)s<a’valio!is by Kruse®^ in 1914, by Foster*^^ in 1916, and 
lat(‘.r by o(lu‘,rs, gav(i indications of (he presence of a filterable virus in 
colds, but s(‘V(a*al suhs(xpumt investigators failed to get similar results. 
IVIor(^ (‘onviiuang evidiauu'. in favor of the virus origin of colds has been 
forthc.oming in the work of Dodicz^’'* and his associates in New York City 
and in similar in v(\stiga lions at Johns Hopkins University.®'^ It has been 
shown tliat <‘bimf)anze(^s ar(i susceptible to colds which are practically 
ideal ti<^al with colds observe^d in man; that chimpanzees and human beings 
giveai irdranasal insl illations of baetcria-froe filtrates of nasal washings 
from eau'ly human (jase^s of colds develop an acute respiratory infection in- 
distinguishal)l(^ from the natural common cold; that this disease can he 
transmitJiMl (Jirough a scries of human volunteers or experimental animals 
by su(HU\ssiv(5 inoculations of ba(iteria~free filtrates from nasal washings. 
No otlua* infeeitious agent has yet been shown to bear any such constant 
and dedinih': ndal.ion to any type of the common cold. 

DexJu^z and his assoeaattis found that the virus of the common cold is 
cultivabhi upon chi<ik-embryo medium but prolonged passage leads to a 
loss of a<divity. The virus may be preserved by freezing and drying infec- 
tiv(^! nasopliaryngeal washings or tissue culture, and. in nasal washings it will 
Burviv<^ at k^ast thirteen days under anaerobic conditions in the refrigerator. 

Few b(4i(ffs are more firmly fixed in the popular mind than that atmos- 
pheric (;hanges, (ispec.ially sudden drops in temperature, are responsible 
h)r outbri^aks of (;oIds. Two investigators®® who spent eleven months 
stiulying the epidemiology and bacteriology of colds in Spitzbergen, an 
isolatcxl arcti(^ community, cut off completely from the outside world for 
several months each year, noted that the arrival of the first boat of the 
shij)ping season was followed by a sudden epidemic of colds which involved 
the whole community in a short period of time. Similarly Robert Marshall®® 
Kruse: Miinch. med. Wchnschr., 1914, (>1:1547. 
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notes that the visits of the mailcarrier from the Yukon to the up[)<u- Koyu- 
kuk are often followed by a general outbreak of (iolds among the hLoyukuk 
residents. It is evident that changes in weather conditions, whatever (died, 
they may have in promoting an increased susceptibility, ai t' not t.he lUices- 
sary primary exciting cause of an epidemic of colds, (lert.ain puzzling 
epidemiological factors in the dissemination of colds “without apparent 
contact” may be explained by an observation on an experimental chim- 
panzee colony” which suggests that colds may lx; inlVK^tious during i.lu^ 
incubation period before the onset of any clinical symptoms or signs of 
the disease. 

Prophylaxis. — Control of the common cold is an ev(‘n nu»rc diili(uilt 
task than that of most droplet-borne infections hc(^aus(‘ of lh(‘ wt^ll-ni^di 
universal distribution of the virus. Favorably situated individuals may 
perhaps do something to minimize contacts, l)ut tla^ av(*rag(^ active^ per- 
son in an urban community is likely to be ratlu^r rnMiiuailly (^xposenL 
Many measures of personal hygiene have been advocatcnl to lowiu* susoc^p- 
tibility. Attempts to control the diet by various meaus, such as giving 
large doses of vitamins A and D, furnish no evidence that childr<ja so 
treated have a lower incidence of respiratory diseases than otla^rs* b-xpo- 
sure to ultraviolet rays does not diminish the froqiKiiuvy of tlH"? (common 
cold in those treated.®® Various “hardening’' procedures sucdi as sleeping 
in rooms with wide open windows or taking systematic oul.cloor exercis<‘ 
do not seem to be noticeably efficacious in prevcxitiiig (iolds.®^ 

Recovery from a cold apparently is accompanied by a transient immu- 
nity, if any; some persons can experience several attacks wil.hin a pcu’iod 
of a few months. Attempts to immunize man with active^ virus liavt^ been 
unsuccessful, but various “cold vaccines,” consisting of kilhHl bacterial 
emulsions, are on the market. Their efficacy in preventing <5oIds is Kpiestion- 
able, although they have considerable psychological office t. Some may be 
of value in preventing infection by secondary invaders, Ibllowing primary 
infection of the cold virus. 

MEASLES 

Although measles is one of the commonest diseases of ciiildhood, it 
readily attacks adults in populations not previously exposcxl, or in groups 
in which an appreciable number of susceptibles are present.. During World 
War I it was prevalent in the Army camps of the United Btat(\s but it has 
not been a problem among the troops mobilized since 1940. is a 

tendency to look upon measles as one of the harmless diseasijs of <duld- 
hood because of its general prevalence. Although it has a low cam fatality 
rate, over 1200 deaths were recorded in the Registration Arc^a during 1942. 
The reported cases were more than one half million, a rate of 409.7 per 
100,000 persons. 

The disease is characterized in the prodromal stage by an upper respira- 
tory infection with conjunctivitis, catarrh and fever. Later the character- 
istic enanthem in the buccal mucosa and the exanthem of the skin appear. 

Long, Bliss and Carpenter: Bull. Johns Hopkins Hosp., 1932, 5i:27B, 

Doull, Hardy, Clark and Hemaan: Anaer. Jour. Hyg., 1931, 

Gafafer: Amer. Jour. Hyg., 1932, i 6:233. 
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Mthou^-h nol <lan|>:er()us vvlu^n uncomplicated, measles may be followed by 
strci)t<K^<><^(ud or piUHiniocotu^al pueumouia or other secondary infections. 
The virus is prcsc^it in nasopharyngeal secretions and a case is infectious 
in th(^ prcHa uplivi^ stag<!. Inlecl ivity is high and almost all exposed children 
develop the dis(»as<‘. 

The ViriisJ^o ( irecn-producing streptococci have been isolated by 
seviU'al iavi\s(iga(.ors‘*‘ from blood and secretion of measles cases, but they 
are not g(‘ntn*ally ac(‘,epl,<Ml as the primary agent and their significance is 
({U(\slional)I<\ 

found that blood drawn from the veins of a patient and mixed 
with ascitic', broth gave no visible growth when incubated at 37° C. for 
twenl.y-iour hours, Ihit a few cubic (centimeters of this mixture injected 
into a heal lily man producu^d the typical symptoms and eruption after the 
usual ptu'iod of iri<;uhation. Scillards,^^® however, in carefully controlled ob- 
s(u*va lions upon <'ight snbjcH'.ts faih^d to transmit measles by the injection 
of blood. 

Aud('rson and ( ioldlxirger^^'^ seemingly succeeded in communicating the 
di8('ase to the lower animals (monkeys) in definite and regular fashion. 
The appari'ut n^ason for the pn^poriderating negative and irregular results 
of earlicu' experimenters is tlu^ fa(5l that human blood is infective for monkeys 
during a very limited period. This period begins before the appearance of 
the ('barach^ristic'. eruption and continues only a limited time thereafter. 

Furlhcu' (^xpcH’inuuits by the same investigators®® demonstrated the pres- 
ence of Lh(i virus of m(^asl(^s in the mixed buccal and nasal secretions, and 
showed that the virus could pass through a Berkefeld filter, could resist 
d(^sic.cati<)n for* tw<uity-fiv(i and a half hours and freezing for twenty-five 
hours, while inhu'.livity of lh(i virus was destroyed by heating for fifteen 
miriut(\s at 55° 0. 

SubscHiuently other investigators confirmed the susceptibility of monkeys 
and lh(». prestnuu^ of virus in blood and throat washings. 

Sev(U’al altcnnpls have been made to culture the virus on fertile eggs. 
Bake and Scdiaffcr®® rc^ported the passage of the virus through more than 
twent.y scu’ial (^gg iiassagc^s, starting with blood or nasopharyngeal wash- 
ings. The ag(uit apparently multiplies on the chorioallantoic membrane 
but prodiuujs no constant lesion to denote its presence. Inoculation of 
monkevys with the <;ulture virus is followed by one or more of the signs of 
mciashm in mart hvvxir, coryza, hnicopenia, enanthem and exanthem. 

During the course of th(} egg cultures these investigators found further 
evidenc'.e that the agent belongs to the group of filterable viruses. It passed 
through a Seitz EK filter, and withstood treatment with ether sufficient 
to eliminate bacterial contamination. It can also be stored at the tempera- 
ture of dry i<;e. 

«« S( 5 e the survey of recent work by Enders: Etiology of Measles, pp. 237-267.^ 
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Immunity . — One attack of measles confers inuniuiity; s<H^on(l ;U.ta(^ks 
are very rare. The serum of convalescents and “tiormal'’ aduK.s, most, of 
whom have had measles, is of value in prophylaxis. I")()ses of 3 t.o 10 (;c, 
given after exposure but before the onset alford protect ion. Thc^ deHlderaliim 
is to allow a mild infection to occur, sulficient to give the subject, an a(t.ive 
immunity. A recent report®’^ indicates that larger amounts of sc^rum givc^n 
as late as the catarrhal stage are able to modify tlie scwcutty <)r Iho al lac^k. 

Rake and his colleagues found that the measlcvs virus, aftcM* passages in 
eggs, gave a much modified, mild disease in children. Inoculation wilh (he 
egg-passage virus apparently conferred appreciable^ r(\sis(anc(^ against, (he 
disease, whether the exposure was by chance contact, with natural <'.as(\s 
or by actual inoculation with blood from known easels. 

MUMPS 

This highly contagious disease of man, often coatractcul in ctuldhood, 
usually takes the form of a swelling of the parotid gland, and is sornct itne^s 
called epidemic parotitis. This gland is not the only vulncirablc^. organ, 
however; the submaxillary and sublingual glands, test.is, ovary, panerc^as, 
and perhaps other glands are attacked, cither ac(;ompanying or in thci 
absence of parotid involvement. An unknown fnution of i>athuit,s also 
exhibit signs of encephalic disturbance, which may be veny mild and mani- 
fested only by pleocytosis of the spinal fluid, or may bc^ morc^ scwcn-c^ In- 
flammation and atrophy of various cranial nerves havc^ also Ixuui scum as- 
sociated with mnmps. As in the case of measles, convalc^sccmt hurtian senmm 
may be used for prophylaxis after known exposure and during I h<^ iiumba- 
tion period, which averages about eighteen days. 

A number of experimenters have produced pathologicjal cdiangcw in ani- 
mals by inoculation with material from cases of mumps, but, b(H‘,aus(^. of 
inability to pass the infection indefinitely in animals, or for othen’ rc^asons, 
most of these reports do not convince the reader that the etiological agtmt 
of mumps was demonstrated. Johnson and (loodpasture,”” howtwin*, have 
submitted convincing evidence that an agent present in the saliva of (uirly 
cases of mumps, when inoculated into Stcnseifs diuJt of monkeys, tiauses 
experimental mumps. The agent is filterable, resists freezing and drying, 
may be preserved in glycerin, and was carried through four(.(icn t^ransfix-s 
in monkeys. The monkey passage virus was sprayed into tlu^ mouth and 
nose of 13 supposedly susceptible and 4 immune persons, with the result 
that 6 of the former group showed typical, and 3 questionahh^, symptoms, 
while the 4 immunes showed no evidence of infection. Findlay and Cflarke‘*® 
have confirmed the isolation of virus in monkeys and found that it will 
produce an orchitis in these animals. 

Enders and Cohen have described a complement-fixation test using in- 
fected parotid gland of the monkey as the source of antigen. Positive tests 
correlated well with a history of mumps but about 50 per cent of individuals 

Maris, et at.: Jour. Pediat., 1943, 22:17. 
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21:46. 

Findlay and Clarke: Brit. Jour. Exp. Path., 1934, 15:309. 
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without, a history ot mumps showed serum antibodies, suggesting that 
t,lies<‘. persons had uiuh^rgoiu^ an unrecognized infection. A skin test for 
deUHition of n^sist.aiice or sust'.eptihility was also used in this study. 

TIIK I^SIT^A(:OSIS-.LYMPHOGKANULOMA GROUP 

It, has r(^cently Ixhju rcHioguizod that a number of viruses, whose relation- 
ship was not ioruKxly suspected, arc in fact similar, and constitute a more 
or less dehnitc group on the basis of morphologic, antigemc and certain 
oth(M* n^Iationships. Included within this group ai'e several animal strains 
as W(‘ll as the following virus<^s atfeciting man; psittacosis, ornithosis, cer- 
tain strains trom human pneumonitis, lymphogranuloma venereum, and 
h^ss (hdiniU^ly iH'laUal, t,ra(*,homa and iiudusion conjunctivitis. 

ag(mts all hjwt^. in cotnmou the presence of a characteristic coc- 
coid (^lenuxitary body d(‘,monstral)le in smears of infected tissues (Fig. 231), 
and all the evichniK^e indic.ates that these are the infective particles of the 
virus, llu^y may staiiuxl by (hemsa, Castaneda’s rickettsial stain, or 
by Miu^hiavcvllo’s m(^t.hod.’‘‘ In the case of several of these viruses the 
ehunentary bodies hav(^ bet^n wshown to be one stage in a developmental 
cy<‘J(^ which is (h^scu'ilxxl (j), B22) in the disc.ussion of psittacosis virus. 

All tiui imxnlxn’s of this group ar<i inhx^l.ive for mice by the intranasal 
route;, pnxhuang a piuxunonitis, and many are also pathogenic by the intra- 
(jereibral or intrap(X‘ilon(‘al r<xitc. They have some morphological resem- 
bhuxH^ to tlu^ ric,k(^thsiae and, like these agents, multiply to a high titer in 
the yolk Ha(5 of f(a’lil(», ('ggs. Antigenic similarities have been described be- 
tW(Hm various nuanlxxs of the group on the basis of the complement-fix- 
ation t(^Ht,^“ a test whic.h afipanmtly depends upon an antigen distributed 
through the group. In c,on(.rast, Hilleman*^* has reported quite sharp anti- 
g(mi(5 diOerenci^s on tlu^ basis of neutralization tests. 

This dis<^as<;, known during the past sixty-five years, was 
brought, into special promineiUK^. by the large number of cases appearing 
in Argimtina, hairope and North America^® in 1929-30. The disease ap- 
ptxirs in piTsons aBscx’.iaUKl wit.h birds, and manifests itself in the form 
of small outbn^aks confined to memlx^rs of families or to people living or 

I'he kmt fXurxHl, Ixxmuwi of the ynarked contrast between color of elementary bodies 
and tiHHixt ehxtxxUs, m tins most Hatisfactory for general purposes. The method is as 
follows: 

a. Floo<l the driiul slide with 0.25 per cent basic fuchsin freshly made up in phosphate 

batTer of pH 7.4. L(^ave for five minutes. 

b. Destain five to ten stH^onds with 1 pc^r cent citric acid and wash quickly with tap 

wat4‘r. 

<;. Stain Uxi s<H^on<lH with I p(sr cent acpieous methylene blue. 

T 1 x 5 ^^lenamtary bodii^s stain with <!arbol fuchsin and retain the color in the presence 
of w<aik aeiti. Tissix'. (jhanents ans destauxxf by this method except in the thicker por- 
tions of the Hinear. I)<iHtainiriig should progn^ss only to the point where the thinner por- 
tions of tint HUMuir are pinkish-grey in color. 

Mnders: Ann. Intern. Med., 1943, ^^.*1015. 

Beck, ICaton and O’Donnell: Jour. Kxp. Med., 1944, 79:65. 

Oaton and Gorey: Proc. Soc. Exp. Biol, and Med., 1942, 5f:165. 

Hilhanaii: Jour. Inf. Dis., 1945, 76*:96. 

7-* Of, bhidt^rs: PiiiUacosis, pp. 528-555.^ 

Armstrong: Bub. Health Ih^pts., 1930, 45:2013. 
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working in the same location. The coiuieotion wilh birds is always striking 
and transmission to man seems to bo alinosl, invariably from iulc(d.(Hl 
birds. Occasional instances of apparent transmission fVotn one human btnng 
to another have, however, been observed. 

Although a number of species of bir<ls are susccipl.ible. infcHnioii of man 
has been brought about almost entirely by oontacit wilh parrols or para- 
keets, including Australian budgerigars. Mciycn-, rec^ognizing I hat otlnn- 
than psittacine birds are aflCccted with this type of virus and can transtnit 
the infection to man, has proposed the more in<dusiv(i term “ornithosis.’”^" 
At the present time both terms arc in use, psittacosis ndaining ils fornnn- 
connotation and ornithosis (p. 823) indicating inh'cl.ion wilh similar viruses 
from uon-psittacine birds. 


jf 



Fig. 231. — ^Elementary bodies of psittacosis. Impression pn^panUion from infected mouse 
spleen; reduced from X 2575. (Obtained through the courtesy of S. P. Bcilson.) 


The Avian Disease . — Infection with the virus of psittac^OHis apiH^ars to 
be enzootic among psittacine birds in the natural stulti, at least in Aus» 
tralia, and the disease has been discovered in birds imporUKl fre^rn S( 5 V<u*ul 
countries. Birds in the acute stage of the infection show (snuuaation, wt^ak- 
ness and ruffling of the feathers. A nasal dis(3harg<^ and the wat<jry <;I<)a<jal 
excretion both may contain the virus. The couspicuous pathologic It^sion 
is a focal necrosis of the liver. The incubation period may Ixs very lotig 
and recovery may result in a prolonged carrier stage. Heallhy-api)r‘aring 
carriers of the virus make it difficult to prevent importation of inhicted 
stock. 

The Human Disease . — It is assumed that the portal of entry in man is 
the respiratory tract. Contact with infected birds is unnc(^<^ssary, indircHd 
Meyer: Medicine, 1942, 21 : 175 . 


821 


The Pi^iUacosis-Lyniphogjunuloma Group 

(^oiUac^l. l.liroupjh (otnilc's, or ovcai proxiraiLy Lo infecled material, being 
sullUacaii to (^aus(^ inl<H‘.lion in inari. The degree of infectivity, approaching 
that ol im^asles and stnallpox, as indicated in a study by McCoy, has made 
laboral.ory inv(\stigation of I, Ins dis(^ase particularly difficult. The infec- 
t,ion in man is often s(W(a*<\ and a rather high case-fatality rate (20-~‘M) per 
c(mt) is th(^ rul(‘. It usually has an acuti^ onset and takes the form of a 
pruMimonia, widi, howc'vca-, a paueily of sputum (rf. Primary atypical 
piuannonia, p. 811). 

A nu'tthod ol a(‘tiv(^ immunization, first proved of value in experiments 
wilJi rnonki^ys, has becm us(hI for protection of laboratory workers against 
I, his dis(uis<^'^” Ae,(iv<‘ virus iiHKuilated intramuscularly, apparently with- 
out, dangin*, r(\sul(,s in tlui appearaiuu^ of neutralizing antibodies in the 
B(n*uni. l\\st.s in rnonki^ys indicate that an in<u‘oased rc^sistance to virus 
inl,ro(lu(;(^d inl.o the r<‘spiratory trael, is also present. 

The Virus. For som(‘ tinn^ aft.cn* 1893, wlien Nocard isolated a gram- 
n(‘ga(ive ba(^t<u‘ium from tlu^ bone marrow of parrots which had died with 
psit ta<H)sis, it was t hought, that th(^ causative agent had been found. Sub- 
S('(|uenl, work shovv(Hl t hat t ins organism, whi(‘,h turned out to he Bacleriam 
lyphl-rniirliirn, wiis not of (‘tiological significance. Bedson, Wijstern and 
Simpson in 1930^^’ first, <hanonstrat,e(l that t,h(i disease is caused by a filler- 
abl(‘ virus, and t his has Ixurn amply confirmed by others. 

virus is pri'scmt. in the blood and sputum of patients with the dis- 
(Mis(^ and in t,h(‘ tissues of irifei^tcHl animals. Afhu’ intrapiiritoneal inocida- 
tion of a mous<% thi^ anirmd used mainly for investigation of this disease, 
virus is pr<\s(mt in t,h('. sphum, and intranasal iuocuilation producers a pneu- 
monitis. IdK'. virus has b(xm pr<^s(u*v(‘,d by removing mouse s])leens and 
storing in the n'ifrigm'ator in phosiihate buHer at pi I 7.6. Activity is not 
W(‘II pr(^H(u’vefd in 50 jxm* (umt. glycuM-in. Intradermal injc(il,io!i of virus into 
th<^ skin of rabbits and guinea pigs prodmxvs a papular eruption similar to 
(,hal. caus(id by hi'rfX's virus. A pnimmonia not unlike that seen in man 
follows intral,raeh(‘al inoculation of monkeys, and a meningo-eneephalitis 
(hwiOofJH aft(U' intracix’ebral inj(M5tion of mice, monkeys, rabbits and guinea 
pigs.^^ Cultivation in (isHU(‘, culture and on tlu^ c,hori<>allantoic membrane 
of eggs is BU(ut(\ssful,^‘ but, a more suscuvptible tissue is the yolk sac. 

h^xarnination of infe<a(Hl material shows the presence of small cocooid 
bodices, arranged singly and in pairs, illustrated in Fig. 231. They can be 
Htairuul by the rmOhods indicuited on p. 819. Centrifugal sedimentation 
and s(U’oIogi<',al n^aiO.ions furnish evidcn(‘,e that thevse bodies arc the virus. 
Levintiml first, cidlcd attention to considerable variation in size and form 
of t,h(‘se Htrucl.urc^s and gav<^ them the name Microbacteriarn rnalUforme 
psiflacosis, LilTu^ proposixl the name RickelLsia psUlaci, but this has not 
Ixxm acKXiptcxl hiujausi^ no arthropod host has hexm demonst, rated. They 

McCoy: Pub. Ih^alth Ilepts., 1930, 45:843. 

liiverH uikI ScliwcrUkc^r: Jour, lilxp. Ma<l., 1931,, 65:211. 

B(*.clrton, and Simpson: Lancet, 1930, i:235, 315. 

Ihvers, Berry and Sprunt: Jour. Fxp. Med., 1931, 54:91; Hivers and Berry: ihid.y 
105, 119, t29. 

MaeCallum: Brit. Jour. Mxp. I^ath,, 1936, /7:l-72: Bnrn<‘t and Rountree: Jour. 
Path. Baet., 1935, 45:171. 
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are often called elementary bodies of psittacosis aii<l, bin^ause Ihciy were 
described at about the same time by the two workers inenlioned ahovi^ 
and by Coles, they are also known as L.C.L. bodic's. 

Developmental Cycle . — A number of iiivestisators liave: H(udi(‘<l tli«i mor- 
phology of this virus and have found that the. elenuMil.ary bo(li(>s rrpr<>.s(>nt 
only one stage in a developmental cycle. The dest;riptioiis by various ob- 
servers,®^ although differing in minor respects, are in gtnieral agreiumuit 
and may be summarized as follows: 

The elementary body, estimated at 200 ti) ilOO iom in diannU.cr, upon 
entering a susceptible cell increases in size to become an inil.ial laxly” 
with a diameter two to four times that of an elemcMitury body. With 
multiplication by fission (according to most observers) and I he <l(weIop- 
ment of a matrix, which may be produced by tlxi virus or by I.Ik' host. e<>ll, 
a “plaque” is formed which may be several microns in dianieler. With 



Fig. 232- — An intracellular vesicle containing elementary bodifw from the hmg of a 
ooiouse infected with mouse pneumonitis. This is similar to the final stagfs in the 
mental cycle of psittacosis virus. Noble’s stain (see ref. B2); X 2100. 


many stains this appears to be a homogeneous slnud-un^ hut, propter manip- 
ulations reveal corpuscular elements in the process of division within the 
matrix. As development proceeds the matrix malcruU becomes hssH d(um(\ 
revealing particles which become of smaller average si^^c during continiuKl 
division until eventually a large intracellular vesicle (Fig. 232) is fornuKl 
consisting of a mass of elementary bodies. This vesi(5le eventually rup- 
tures, releasing elementary bodies for the infection of other (x^IIs. The 
whole cycle requires forty-eight to seventy-two hours. An interesting 
observation recorded by two different observers (and also descu’ibed as 
occurring in the similar cycle of lymphopanuloma venereum virus) is that 
the sequence is different if the infective particle enters a cell already 
damaged. In this case no plaque is formed; the elementary bodies multiply 

*» See the summary of previous work and observations recorded by Yanamura and 
Meyer: Jour. Infec. Dis., 1941, 68:1, 
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by coiitiniKHl fisision rol/aiiiing Ihe general size and character of elementary 
bodies until the vcwsiele stage is reached. 

[ he siniilaril y Ix'twecai viruses of this gi’oup and the rickettsias is evb 
(hail. also in a cx)rnparis()n o( these developmental forms with certain mor- 
phologic (^hxnenl.s ol the i‘ick<^ttsias observed in infected animal lungs 
(p.76a). 

Lahorniory Di.afpimis, — H i vers and Berry®^ have described a rapid diag- 
nostic nuMhod (or the human disease which consists of inoculating mice 
intraperiton<‘ally witii filtered or unfiltered sputum. Specific infection in 
th<^ nu<u^ may be r(*<^ogniz<xl by typical lesions and the presence of L.C.L. 
bodices in sphnm and liv(x*, or by subsequent immunity to inoculation with 
a known sl-rain of psi(,ta<;osis virus. Complement-fixation tests, also of 
valux’! in (lu^ diagnosis of human infections, have been found positive as 
(Nirly as th(^ (.w(^l(( li day of the disease. This test has been of value also in 
th<‘ rcx’ognilion of laUait infec.tion in psittacines imported into this country. 

OrniihoHiH. A numl)er of strains of psittacosis-like virus have been 
isolal.(xl (Voin birds ollua' than parrots and parakeets, and the term orni- 
thosis has (‘.om(^ to us(xl (.o distinguish these from true psittacosis strains. 
A dis<^;js<'i (xxuirring in th(^ Faroe Islands and traced to contact with fulmar 
p(d,r(‘Is yi(^I(l(‘<l in 193H a virus similar to psittacosis, and this was one of 
th(^ first indicia tions that viruscis of this type occurred in other species than 
t.hosci of thci P,siUacidae. On numerous occasions pigeons have been shown 
to be infcHjt.ed, and atypiciul pneumonia in man has been traced to contact 
with ])ig(X)ns. Donuistic? fowl also can harbor ornithosis virus and presum- 
ably Iransrriil. the infection to man. Various domestic birds of Michigan 
havci yic'hhid sorn ciupable of fixing complement with meningopneumon- 
itis antigem, thcx ciby indicia ting infection with a virus of this group. Similar 
strains havci bcicn isolatcid from cases of atypical pneumonia in man. 

Heprc^sciutative strains of ornithosis virus differ slightly from psittacosis 
straius in pathogciruciity for experimental animals, and Hilleman^® has 
found that they are anligenioally quite different as determined by a neu- 
tralization tc^st. 

MeuiiigopneiimoniiiB,— "This virus was originally isolated in ferrets 
after incxudalion with human throat washings®^ and was named for the 
churu(;(,cx*is(ic; pathology prcxluccxl in inoculated mice and other experi- 
rrumtal animals. Although not obviously associated with birds it resembles 
ornit hosis virus very cJoscjly and was found in the experiments of Hilleman’^® 
to bc^ apparcxil.ly antigeiucuxlly identical to that virus. 

“Human Pneumonitis.” — Several strains of virus isolated by Eaton 
and his e.ollc'aguc^s (c.g. strain SF) from man can be distinguished from the 
other members of thci group on various bases. They appear to be most 
closc^ly reflated to psittacosis strains but a difference in pathogenicity for 
thc^ mouse when iiit^rapcxitoueal inoculation is used has been described. 

Lymphogranuloma Venereum.®® — Although known during the nine- 
texmth (xaitury, this disease, also called lymphopathia venereum, lympho- 

^ lUvc^rs and Berry: Jour. Exp- Med., 19S5, 5i:205. 

Francis axxl Mogill: Jour. Exp. Med., 1938, ^5:147. 

8® Nc.lHon: Lymphogranuloma Inguinale, pp. 365-381.^ 
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granuloma inguinale''^ and climatic bubo, has iiilo proniiiuauu* only 

during the present century, and there is mucih evi<l<‘ric<‘ I lia( it is increasing 
in incidence in many parts of the workl.«« At lirsl, b<'lit‘V(‘<l to !»e iamfiiu^d 
to the tropics and subtropics, it has since be(ai rc(!oginz(‘d not only in sea- 
ports of the temperate regions but in inland <‘iti(‘s as \v<'II. It has Ixsai 
found inmost regions of the United States but is (\sf)(‘<‘ially prcnalent in I he 
South, where the incidence is high in the Negro vnco. Its vnnien^al trans- 
mission makes it more widespread in the Iovv(‘r (hisses ol soc'hM.y, prosti- 
tutes in some localities showing a high morbidity. 

The primary lesion, (xuairring upon the g(inilal organs, is usually small 
and is often overlooked by the patient and not brought to a physician's 
attention. Extension into the lymphatics prodius's lla^ t,ypi(nd manif(\sta- 
tion of inguinal bubo in the male, while, in the femah% lymph nod(»s within 
the pelvis are involved. The chronic indaminalion in (Ins hx^ality may n*- 
sult in rectal stricture; extensive uku^ration in tlu^ piu’im^al ngion and 
hypertrophic lesions of the external genitalia may also o(‘(uu*. 

The Virus . — Successful transmission to animals was lirst acT.omplislusI 
by Hellerstrom and Wasson (1930), who found that monkeys }u*oved sus- 
ceptible to intracerebral inoculation of pus from iuguinal buboes. Sims* 
then mice also have been found susceptibk^, and isolation of th<^ virus is 
now usually accomplished by intrac(ircbral inject ion of t.h(^se animals wit h 
human material. Monkeys and mice react to intra(^rauial lujtudions with a 
meningo-encephalitis, and iulradermal or suhcutaruunis iiuxadalion in 
several species is reported to result in papular hvsions in whi(di tht? virus 
may be demonstrated. Propagation on several typtvs of (issm*. (uiltnri^ has 
been successful and the virus n^achc^s a higli tiUu’ wlum grown in th<% yolk 
sac of fertile eggs. 

The elementary bodies of this virus were first known as th(i graimlocxir- 
puscles of Miyagawa, hut it was not until noma lime latcT that all iho 
various morphologic elements associated with this inftH^tion dt‘serib(*d. 
The developmental cycle has been observed by 8ev(*ra! inv(\s(iga(ors, but 
is best illustrated in a paper by Rake and Jones^^ who also summarize 
previous reports. The cycle is strikingly similar to I, hat obscavtal for psit- 
tacosis virus and described on page 822. Rake and his coll<*agu(\s hav<* 
described a soluble antigen associated with this virus, whi(;h <*an lx*, (hanon- 
strated by the complement fixation test, and from the mmm murca has 
come reports®® of a toxin in emulsions of this virus as W(4I as th(^ rcdattal 
ones, meningopneumonitis, mouse pneumonitis and f(Tm<i pmunnonifis. 
The toxins have the characteristics of labik^ endoloxins and anliloxins 
prepared against them are highly specific. 

Immunity . — Venereal lymphogranuloma is unicpie among tht^ virus <lis- 
eases in that it may be diagnosed by a skin test. Freu®^ found that intra- 

* Not lo be confused -wilh Granuloma inguinale, anotiu^r v(ui(^r(^al dmeuHe. (Uiologic. 
agent appears to be tbe “Donovan bodies,” a microorganism of unknown ntU,un\ (fvf. 
Anderson: Science, 1943, .97:560.) 

Cf. the review by D’Aunoy and von Haam: Arch. Path., 1939, :>7;1032. 

87 Rake and Jones: Jour. Exp. Aled., 1942, 75:32.3. 

88 Ihid., 1944, 79:463. 

8^Frei: Klin. \\^chnschr., 192.5, 4:2148, 
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cul»ui(M>us lulnuiiisl ra( ion o( healed pus from an infected bubo results in 
an indarntnalory run'rolic*. arc^a at the site of inoculation. The material 
also indiKU's a iH'ati ion when ;j^iven intravenously. Brains of infected 

ini(*(" hav(‘ also Ixuni us(‘(i as a source of Frei antigen but at the present time 
a (*<)mnu‘r<*ial pr(^f)aral,ion of infected yolk sac emulsion, marketed under 
(be nana^ "Lygranum/’ is (uanmonly used. 

Ib^pori.s on lb(^ r(\sull.s ol the serum neutralization test are not in agree- 
numt, bu(, l{o(lani(^h(^*^'^ has d(^s(‘.ribed a technique, using mice as the experi- 
inental animal, whi(b app(‘(u\s l,o be satisfactory. She used sera from nine 
persons who had Ixmmi Fr(M-l.(‘s(,ed and found that all possessed neutralizing 
abilil.y <^x(u^pt oik's froin a person with an inguinal lymphadenopathy of 
(hr(H^ w(':<^ks’ duralion. dlui sen-um of thirty-six Frei-negative persons did 
not. ncad.ralize (hc! virus. 

TreaUtienl, ’^fhis agent, is the oul, standing one of the few viruses whowse 
action is inlhuuKU'd by (lie sulfonamide drugs. Numerous clinical reports 
have appi^anul of (Ik’i ben(^fi(*,ial (‘(feet of sulfanilamide and related drugs 
in human (‘.as(\s, and laboratory (experiments®^ indicate that these drugs 
(‘an in(Iu(‘n(‘.(^ I he (U)urs(^ of the infection in mice. 

IVIouHO Pnciiinonilis. /\ virus latent in certain mouse stocks has been 
(m<‘.oun(,e:r(‘d by s(W(‘ral inv(‘stiga(.ors.®- Continued intrauasal passage of 
lung l.ivSsiK^ in such stoebs rciSuU.s in an inen^ase in virulence so that the 
mic(^ di(*. with (^x((msive c.onsolidation of the lungs. Elementary bodies 
chara(‘.(.erisl.ic of (his group of viruses are demonstrable in infected tissue 
smetars and (Ik; various rnorphologb*. (elements described for psittacosis and 
lymphogranuloma viauu-cum, have ho.eii observed with this virus. Like lym- 
phogranuloma vc;n(‘r(Kim, mouse pneumonitis virus is adversely affected 
by suironamid(^ drugs. It Ix^longs in this group on other bases as well but 
is an(,ig(nucally ddbuxuit from others of the group. Practically, it is a poten- 
lial hazard in working with otlnu' pneumotropic viruses in mice because 
of (,h(‘. possibilit y of (xui lamination of the other strain from carrier mice. 
Wlnm using rru(x‘, for work with other pneumotropic agents one should 
(‘X(u*(. (vvery (‘Ifort to providxi hirnsc^lf with mice free from this virus. 

Feline PtietiinoiuliH. In 1942 Baker®** dtiscribed the isolation from 
sick (uU.s of a virus inlec.tive intranasally (or mice and other animals and 
for (,h(^ yolk sa(^ of IVrl ih^ <^ggs. The virus, associated, with elementary bodies 
similar t.o I h(^ oth(K‘s of this group, is present in the respiratory tract as well 
as t.h(; (Kudar and nasal <lis(diarg(is of the cats. Transmission was obtained 
by contact. 

TRACHOMA 

Trachoma is a (dironic (lis(^as(j of the eye characterized primarily by pap- 
illary or follicnilar hyp(K (r()phy of the conjunctiva, with vascularization, 
or ‘‘pannus’’ formation, in the cornea and secondarily, by cicatrization of 
the conjiinc.tiva and (Lslruclive changes in the lids and cornea. In some 
(‘.asevs it. produc.es partial or total blinclness. Often, in the early stages and 

Ibxlaniduc Joiir. lid. Bin., 1940, (>6:IU, 

” Mac.Callum and Findlay: Lancet, 1938, i7:136. 

<'2 Nigg and Katon: Jour. Exp. 3944, 79:197; Karr: Jour. InL Dis., 1943, 72:108 

n Bak<‘r: Jour. Kxp. Mcid., 3944, 7.9:159. 



826 Virus Diseases of Man 

at intervals during its course, there is acute iiillaniniation a(HM>iiipani(H! 
by secondary bacterial infection which is no doubt parUy r(\sporisihl<‘ 
for the inflammatory condition. Although trachoma <‘ari be I ransirut Ic'd 
by contact, ordinary hygienic precautions arc suf!i(ueut to pre^vaaU, iahn^- 
tion of those in daily association witli patients. Alletding a large propor- 
tion of the population in some countries, trachoma in tla^ I Inibnl Stalt^s is 
largely confined to some sections of Kentucky, Illinois and 

Missouri, and to some of the Indian reservations.^’*^ 

Cell inclusions in the conjunctiva arc regularly eiu^ountcaHMl in the human 
infection, being present with sufficient frequiincy to provide a simple im^ms 
of differentiation of early cases from folluiular (‘,onjun(Uivitis and <dh<a’ 
clinically similar conditions. These inclusion bodies have' long biHui rt‘- 
garded as representing the etiological agent of tli(5 <lis<*as<‘. I lalb<a\sla(*<l{(‘r 
and von Prowazek,®® who first described the cell in(‘Iusion, Ixdii^viKl it t<j 
be a Chlamydozoon and classed the diseiasc with smallpox. Later a numlxa' 
of workers came to the belief that these bodies ri'spri^sent ‘buvsls'' of grav- 
ing bacteria or cell-reaction products stimulatixi l>y ha(d.(u*ial inleittion. 

Hemoglobinophilic bacilli isolated by Williams^’” frorui <^as<\s of trachoma 
were apparently associated with complicating bacUxdal (uvnjunc.t ivit is. A 
small, feebly motile, hemoglobinophilic bacillus, Baclerlarn {granulosis, iso- 
lated by Noguchi,®^ was the subject of cxtonsivii iuviisligal.ions and for a 
time was widely accepted as the cause of the dis<',as(% although gmua’a! 
confirmation of the findings of Noguchi and otlux's was lai^king.^^ 

Since 1930 the chief emphasis in investigation has shifted again to fJie 
inclusion body. Transmission of trachoma to inonki^ys with infci^tivij 
material free of all bacteria has been accomplislxed with filt.rati^s^’^ un<l 
with material from testicular passage^®® in animals. In spit<^ of (^xl.misivis 
search the characteristic inclusion body has not Inmi fouml in tlu^ 
experimental disease. It has been emphasizcid that iht^ idtummtary 
bodies of the cell inclusion in man arc closidy IdentifitHl with thc^ virus 
of trachoma. This relationship appears to be even more (;l(;arly (\stablish(Hi 
from inclusion conjunctivitis, an eye infection of the newlKn*n <lini('ally 
similar to trachoma and with inclusions which arc morphologhially lik<^ 
those of trachoma.^®^ 

The similarity of these inclusions to those of other virusc^s, (^sptxually 
psittacosis and lymphogranuloma venereum, has b(X)n pointcHl outd^’^ The 

94 jTor a thorough discussion of trachoma, including its history, (epidemiology and 
etiology, see Julianelle: T/ie o/ Trac/ioma. The Common w(^alth Fund, Now York. 
1938. 

Halberstaedter and von Prowazek: Deut, med. Wchnsdir., 1907, X;f:l285. 

Williams et aL: Jour. Inf. Dis., 1914, iU:26\. 

Noguchi: Bull. N. Y. Acad. Med., 2nd Set,, 1927, ,V:295; Jour. Hxp. Mexi., 1928, 
45: Suppl. 2. 

®®C/. Weiss: Jour. Inf. Dis., 1930, 47:107. 

^^Thygeson : Amer. Jour. Ophth., 1933, 45:409; Thygoson and Proctor; Arch. Ophth., 

1935, 45:1018; Julianelle and Harrison: Amer. Jour. Ophth., 1935, 45:133. 

Julianelle and Harrison: Amer. Jour. Ophth., 1937, 25:354. 

iwThygeson: Amer. Jour. Ophth., 1937, 47:1019; Tiklcm and Giirord: Arch. Ophth., 

1936, 45:51. * 

102 C/. Rake and Jones: Jour. Exp. Med., 1942, 75:323. 
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iiic.lusioiiH of Lriu'hoiiia uiul inclusion conjunctivitis give a positive 
test Cor glycogen while tliose of the latter agents do not; otherwise they are 
niorphologi('ally (iuit(^ similar. I t has also been reportedly that sera of pa- 
tients with l,h<\se l.wo eye diseases will fix (implement with antigen prepared 
with t in; virus of lymphogranuloma venereum, indicating relationship with 
the psil.taeosis-lymplM>K'">i>uloma group. ... 

Claims that, the virus of t,ra(;homa is rickettsiahy are not surprising when 
one rem(;mh('r.s t in; morpliologic similarity between rickettsiae and the ele- 
immtary bodic's of psit.tai.-osis and related viruses, to which group trachoma 
has a (;laim. However, tlic r(;port that rickettsiae appeared in the intestines 
of lnx; after inoculation with trachomatous material and that material 
from t.lu; passage; lic.<; was inf(;(;tivc could not be confirmed.*®' 

Favorabh; r<;sult.s in tin; tr(;ut,ment of trachoma and inclusion conjunct!- 
vilis wil li dru^s have been reported, but there is incomplete 

agr(‘(m«(;nt, as to wh(;ther this is due to an action of the drug upon the virus 
or upon tin; secoiKlm y bacterial invaders. If the former is true it consti- 
tutes anotlK'.r relat.ionship b(;tweeu these viruses and those of the psitta- 
cosis lymphogranuloma group, two of which are susceptible to the sulton- 


aimd(;s. I.YIVUMIOCYTIC CHORIOMENINGITIS’”’ 

Lvmpho(;Yti(; choriomeningitis is the name given to a specific infection 
which in man has h<;<;n included under the general clinical terms acufe 
asenlir. mmingilis, idiopathic meningilis, etc. Apparently only a portion of 
th(4(; <;uscs, defined by c.lini(;al (;hara(;tcristics, are duo to the virus of 1^- 
phoc.y tic (dioriomcningitis,-®' and indeed the latter diagnosis is not justified 
mile.ss the, virus is isolated f.'om the patient, or the development of specific 

antibodv Jh dcrnouslrabHi in the serum. , . . i -i j 

lluuuui Infection, 'fho disease in man begins with a naild upper 
r(‘spirat.orY iur(;(;lion and sottu; eases do not progress beyond this stage, 
nu.uing their <;ourse as an inlluenza-like illness. In typical cases, a few 
days art.<;r tin; onB(;L of the prodromal signs, symptoms referable to the 
nervous system maki; their aiipiiaraiicc. These may consist of sudden severe 
hi'adaclu'^with stalTness of the neck, fever, vomiting, drowsiness, or more 
H wer ‘ 1 erv.ms-systi;..! signs. The spinal fluid shows an increased number 
Tiells most! of which are mononuclear. Complications are infrequent and 
eomi h'le letiovery is the rule. The virus is present m the blood and spinal 
iuid during the early stages and has also been demonstrated in the naso- 
t lnirvux ^'rum antibodies make their appearance during convalescence 
In a wirvcy'®' in which 1248 human sera were tested, 11 ^ent showed 
. 0 , U„Ue. Schatter lual ThyKOSon: Proc. 52.567. 

1«‘ liuHiKKiii: folia cm. biol. Sao internat. trachome, 1936, 13:9. 

Cu:r.l and ’936. 26:295; Rev. inlernat. trachome, 

ITbC'S. im A„b. Ophth.. 

1»« IJaird and Rivers: Amer. Jour. Pub. ^“’*^’.^938, 23.47 
io» Armslronfi and Wooley: Jour. Amer. Med. Assn., 1937, WS. 
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neutralizing ability. Only 32 per cmi ofsiu'a iVoin (Uis(‘s <iiagiiose(i jis asepti(‘ 
meningitis neutralized the virus. IV(MitraIiza(i<>n l(ss(s are posit i\(‘ s<»iri(‘ 
weeks after recovery, but pnsitivi^ eoinplenuait-fixal ion nsietious, <l(‘p(‘n- 
dent upon the presence of a soluble aalig(‘u assoeiahMi with the \irus, ap- 
pear earlier and may prove to be of more valiu' in diagnosis of tfa‘ <Iisea.s<*. 

Aninaal Reservoirs. — This virus was (ui<‘ount<*rtMi by \rmslrong an<l 
Lillie in 1934 as a contaminant in monkeys ino(‘uIat(Mi with (he virus of 
St. Louis encephalitis, atid it was the patiiologieal pielun‘ in fnonke\s 
which gave this infection its name. It was also found to idtuitic^al witli 
the agent of a spontaneous disease of mlc(\ <hvs(‘rih<‘d by Tranb in Lh’hld*'' 
which is transmitted from mother to young in the mouse (‘olony an<! is 
maintained by healthy carriers. Th<^ virus has sin<*(‘ b<*en is(^late<l from 
human cases, and has been eneounU'.red in olluu- monkey and mouse 
stocks. It has also been found in wildmi(;<^ (,raf>p(‘d in hous(4iohls in whi<‘h 
human cases occurred, suggesting thaf, tlu^ avssodat ion of human aiui muriiu* 
infection is of etiological signifh^arux^.*'- 

The Virus. — The virus is pathogenh^ for mie<\ monkeys and guirasi 
pigs, some investigators finding th<i latUir t.wo sfxx’ies moix* suifahh* for 
primary isolation from man. Inasmuch as this virus oeetirs nahirally in 
several species of laboratory animal, isolation of flu^ virus by animal in- 
oculation means little unless the animals an^ known (<» he free of (he in- 
fection. Mice with an acute infection an^ passivu^ and rnflled, or vvh<m dis- 
turbed exhibit tremors and convulsions. \ft(u‘ imxnilalion by any of sev<»ra! 
routes virus may be found in tlu^ brain and blood and off cm in urine and 
nasal secretions. Guinea pigs are suscep(.ibl(‘. (<> in(ra<‘tx’(4)ral or sulxuita- 
neous injections and show fever and loss of wcught hul, no <lefinile neuro- 
logical signs. The characteristic lesion in exp(Tiin(m(al animals, as th<* 
name indicates, is present in the meninges and (*horoid plexuses in the bu’m 
of an inflammation. Monkeys may bo infechxl by a vari(dy of routes and 
at death virus is found widely distributed throughoul. Ilu‘ Ixxiy. 

Modification of typical strains has been reporlcxl in which n‘|H*at(xi pas- 
sage in guinea pigs has rediu'ed the virulen(‘.e for mice, and vi<’t* versa. 
Immunization of guinea pigs with the mouscwulapfcxl strain, and with 
formolized virus, has been reported. A soluble suhstanee assoeiaftxl with 
this virus can serve as antigen in the complenumt fixatiorr test.’^** Splecm 
tissue of infected guinea pigs is a good sourci^ of anl ig(‘n. 

The presence of virus in the blood of expcjrirmmtal animals has Ie<I in 
experiments on arthropod transmission of tlui d^seas(^ Gogguvshalb*'* fexmd 
that Aedes aegypti is able to transmit the infliction by first flxxiing on an 
infected guinea pig and later upon a normal one. Shaughne^ssy an<i 
demonstrated similar experimental transmission by (he wood licik, Der- 
macentor andersoni, and found that the virus was maintaincxl by th<i tic'k 

no Cf. Traub: Jour. Exp. Med., 1936, 6^:533. 

111 Scott and Rivers: Jour. Exp. Med., 1936, 6‘J:397, 415. 

112 Armstrong, Wallace and Ross: Piib. Health Kepis., 1910, 

118 Smadel and Wall: Jour. Bact., 1941, 4!i;421. 

11^ Coggeshall: Science, 1939, y^;515. 

118 Shaughnessy and Milzer: Amer. Jour. Pub. Health, 1939, :>,9;1 103. 
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tJirou^h its various <1 vc'lopmeulal stages and from otie geueeration to the 
(luituui pigs \v(^r(‘ also itdecLed by applying crushed ticks or feces to 
tlu'; s(‘,arili(Ml skin. 

hurthcu’ exp('rirn{Mil,s‘'’‘ showed that bedbugs can take up the virus from 
in{e(U(Hl guiru^a pigs and transmit the infection to normal guinea pigs 
whiles biting, d ransnhssion appears to take place by contamination of the 
skm <)l th<^ guin<ui pig by tlui bedbug feces which has been shown to con- 
Uun virus as lat(^ as eighty-live days after feeding. Transmission by the 
bit<^s o( monkey Ii(u^ and of mites was not successful but these arthropods 
w<‘re: shown to harbor the virus. Whether any of these findings represent a 
la(*.l()r ol signilieaiKu^ in (iie natural transmission of this virus is unknown, 
but it scM^ms liln^ly that, artliropods will be found to play some r61e in its 
<*pi<h*miology. 

YKIXOW FEVER 

This dis(^as(% a(, f)r(^s(^nt (‘.ndernic over large regions in West and Central 
/V(Vi<‘.a and in South Armorica, in the past has appeared in epidemic form 
in s<'aport,s of tlu^ norllu^rti temperate zones on both sides of the Atlantic. 
Its last api)earan<;e in lh(^, United States was in 1905 at New Orleans. It is 
rjot, (‘,oniipI(d,t^ly understood why this discMise has not spread farther in 
warm <dirrmt<\s, for itistan<^<^ itito the Orient, where two important factors 
for its maint(uiau(H^ arc'i already present, the specific insect vector and a 
suse(^ptibl(^ population. In r(r;ent years the facilities for rapid transporta- 
tion by air and mol, or highway from the tropics has increased the danger 
of diss<rnina(,ion, and r\(ru^ssitated strict quarantine measures for travelers 
frorti th(5 (uidernic. n^gions. 

dis(^as(i wIkui (x^curring in epidemic form is very severe and carries 
a high <5ase fatalil,y. essential damage is to the liver, producing a 
jjumdicu^ in the pati(ait. The lesion, a mid-zonal necrosis in the hepatic 
lohuh*, (Fig. 235), is [)athog[i<>m<)nic of yellow fever. Recovery results in a 
solid immunity, a(M;ompani(xl by antibody in the scrum demonstrable by 
th<^ S(irum neutralization t,(^st. This antibody apparently persists indefinitely 
in a r(5(;ovcr(Hl pati(^nl,. 

Nott, in 18 18 advanced the hypothesis that insects carried 
th(^ infeedion from p(irson to person, and Finlay^^* (1881), convinced that 
Ae(Ie,s aegyptl was tlu^ sf)(H‘>ies of mosquito responsible, carried out numer- 
ous t^xpculrmuits ori human volunteers without convinciiig results- Carter 
(1900),^’^ i»i (^piderniologicid studies during an outbreak in Mississippi, 
(hdiruxl lh(^ limits of thc^ extrinsic incubation period, f.e., the period of time 
n<Hxxssary before th(5 “surroundings’' of a case became infectious. The period 
was ten to fifUnui days and we now know that this represents the incuba- 
tion p(!!riod iri th(^ mos(|uito before it becomes infective. The contributions 
of Finlay and Carter formed a valuable basis for the experiments under- 
taken by th(i Armu’ican Army Commission (Reed, Carroll, Agramonte, 

IVlilzcr: Jour. Inf. Dis., 1942, 7a-152. . 

(If. SollurdB: Etiology of Yelhm Fever and Characteristics of the Infectious Agent, 
pp. 7I.V7,W 

Finlay: Jour. Mner. Med. Assn., 1901, .?7:1387. 

Carter: New Orleans Med. and Surg. Jour., 1900, 52:617. 
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Lazear)i“ Havana, Cuba, at the beginning of tlu^ pn^si'iit (umt ury. Wii.h 
the aid of human volunteers the Commission establisla^d the following im- 
portant points : 

1. Bacteria previously suspected were not otiologuially n'laled to y('llow 

fever. , . , , . , 

2. The living causal agent of this disease was not (untivabh^ nor visibh^ 
and was filterable through a Berkefeld candle. 

3. The meJady was transmissible in nature only by I, he bil,("s of l('inule 
Aedes aegypti mosquitoes, and was not communicated to nonimmunes 
through intimate exposure to clothing or bedding <;onl.uminat(>d with <li.s- 
charges of patients. 



Fig- 233. — Section of liver from a human case of yellow fevc^r. Miti-zonal nec^roHiH 
is apparent. Hematoxylin and eosin; reduced from X 235. (ObUiinml through this 
courtesy of Meoc TheUer.) 


4. A period of about twelve days at summer tc^mporal.urus was luwm- 
sary after a mosquito had fed on a patient in the early stage of the disease 
before it could infect a second individual. 

5. The subcutaneous injection of small amounts of blood drawn from 
a yellow fever patient on the first to third day of the disease was (capable 
of inducing an attack of yellow fever. 

The existence of yellow fever in West Africa, where large arenas and 
populations are affected, has long been regarded as a possible menace to 
the rest of the world. An even wider distribution of this disease in Africa 
i20 Reed, Carroll, Agramonte and Lazear: Proc. 2ath Ann. Mooting, Amor. Ptd)* 
Health Assn,, Oct. 22, 1900; Reed: Med. Record, 1901, 6*0:201; Heed and Carroll; Mad. 
Record, 1901, 60:641; Amer. Med,, 1902, 5:301; Carroll: Jour. Amer. Med. Assn., 1903, 
4i:1341. 
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is now a|>])arnnl, and in 1910 an outbreak involving some 15,000 cases 
<K‘(‘urre<i in Nuba Mountains oC the Aiiglo-Egyplian Sudan. Investi- 
gators of the Int<^rnational IlcaItJi Division of the Rockefeller Foundation 
Ix^gan a study th(^ disease in West Africa in 1925. Monkeys of this area 
W(U’<‘ IouihI to b(^ ('.ompI(a,<‘ly n^sistant to yellow-fever infection, but trans- 
mission to AsiaCic. inonlo^ys {Macam mulatta) was successful, an acMeve- 
nauil. vvhidi made possible jui intensive examination into the nature of 
the (lis(uis(^ 8tok(vs and his colleagues’^^ concluded that a filterable virus 
is (lie (^aus<‘. ol th(^ nudady and in general confirmed by means of animal 
i^xperimiailal.ion thi^ work of the (commissions of 1900 to 1906. Their ex- 
pccrmumls wicnc r<‘p(Milnd and their results confirmed in West Africa^^^ and 
in South Anuu’i(ca.’'“‘'’ Subs(HpJiently, yellow fever has been investigated by 
nunnu’ous worluus in various countries, and many facts concerning the 
diseases and il.s ag(*nt hav(c Ixhui discovered 

''riie Virus, dluc virus of ydlow fever, one of the smaller viruses, occurs 
in tine sicrum of inhuctiHl nionk(iys in high concentration and may be pre- 
k(u‘v<mI by drying blood or bits of tissue from the frozen state.^^^ Emulsions 
in phy8ioIogi(cal saline (hctccrioratc rapidly but the presence of serum exerts 
a mark(cd slabilizing (lfe(‘l.. The virus has been propagated in different 
typ(»s of tissue (culturxc (p. 794). 

Nmroiropic Virm.- K notable advance was made by Theiler^^^ when he 
adapt(c(l th(c virus (,o moinse brain by intracerebral passage, resulting in 
loss of virul(nuc(^ for monkevys and man when given subcutaneously, but 
still prodadng (ciucicphalitis in monkeys if given intracerebrally. Such neuro- 
tropuc strains maintain thdr immunological identity with natural, or vis- 
(acrol-ropic, strains and anj suitable for use in serum neutralization tests, 
''rims, the use of mi(cc allows mudi more extensive investigation of various 
kinds than did tluc larger more (expensive monkey. 

MoH<niilo Transmission.^^®— The virus is present in the blood of 
pa (halts during a f(^w hours preceding the onset and for the first three or 
four days of ill mess. A mos(iuito biting at that time takes up virus with 
its blood meal. Titrations of the virus content of Aedes aegypti have shown 
that an initial drop occcurs followed by an increase in virus over the original 
amount, indicating multiplication within the mosquito. After about twelve 
days, d<cp<auling upon the temperature of the environment, virus reaches 
the salivary glands. Hk? mosquito is then infective and remains so for the 
nest of its life. A number of other mosquitoes have been shown by experi- 
numt to he potential vccjtors but Aedes aegypti is the*one which has been of 
gneaUest r(ec,ogniz(e<l significance. 

Control of Yellow Fever.— The findings of Reed and his colleagues, 
conOrrned by other workers in Cuba and Brazil, suggested measures for 
combating yellow fever in the countries then concerned. Gorgas in Havana 

Stokes, Bauer and Hudson: Araer. Jour. Trop. Med., 1928, ^:103. 

Mathis, Sellards and Laigret: Compt. Rend. Acad. Sci., 1928, i56:604. 

Aragoa: Jour. Amor. Med. Assn., 1928, 92:550; Davis and Burke: Jour. Exper. 
Med., 1929, 49:975. 

Bauer and Pickels: Jour. Exp. Med., 1940, 7J:83. 

Theiler: Ann. Trop. Med. ParasitoL, 1930, 24:249- 

CJ. Russell: Epidemiology of Yellow Fever, pp. 737-766.^ 
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had previously applied exleiisive general puhli<^ luMiUli nu^nsuivs and stu- 
ceeded in markedly reducing the general d(‘ath rale, but had not inllueiK^ed 
the incidence of yellow fever. Followiiig the rcvporl of Ihe \rtny Connnis- 
sion he instituted antirnosciuito measures diriU’bHl againsl .iedc.v itvgypfi. 
The result was an immediate, sharp decrease in (h(‘ iiuddenci* of Ihe dis- 
ease. It was found that destruction of Aedes aegypti was in^cessary oidy in 
the large urban centers. These appeared to l)o the (Muhnnie locd ol t In* ilisease 
and served to supply virus for outbreaks in ollnn’ cilii'S and l<H‘aHfi(\s in 
communication with them but sometimes at distaiKUNs of many hundreds 
of miles. Such measures were taken in tlie key cilies ol many loealilies in 
Central and South America by representatives of (In* Hoekefeller FoumJa- 
tion in collaboration with local health ollic^ers, wilh I In* r(‘stdl lhal yellow 
fever by 1927 appeared to be all but eradie-atcul from !ht‘ W(‘slern Ihanis- 
phere. 

Jungle Yellow Fever. — In the years 1 928-30, how(n (*r, i( was found (hat 
yellow fever was not abiding by the rules laid down from (‘arbun* <*\p<n-i(*n(*e. 
The cleaning up of urban foci no longcn- sulli(!(*xl (o (‘.onlrol flu* dis(‘ase. It 
became necessary in northeast Brazil to institutes anli-ucr/yp/r m(*asnres Iti 
small towns and even rural districts. llu\se m(^asur(‘s pr<n(‘d enV<’tive and 
succeeded in eliminating the disease in that r(*gi(>n in 1031', During thest* 
years another complexity in other lo(uditi(^s was discov(‘n‘d irt the form of 
“jungle yellow fever,” a tyi)e of the diseases found in r(*gions of forests and 
uncleared land, and, what was more startling, in the (^ompl(*tt^ abH<‘ae(* of 
Aedes aegypii. Virus strains from these (^avS(*s an* id(‘nli(^al irnimniologi(‘aily 
and otherwise with the classical strains; the diner(*n(‘<* is <*pid(*miologi<‘aI. 
Yellow fever in. South America is now r(*gar<Ied as f)rimarily a jungh* in* 
fection with which Aedes aegypii is not associaUnl and for wdui’h rnan is 
not an important source of virus. Soper^*-^^ staUus (hat all tlu* cas(‘s in South 
A.merica during 1938 were of the jungle typi^. It has b(M*n po.stniated that 
natural reservoirs for the virus arc present among llu^ jungh* animals, 
probably monkeys, as epizootics of unknown iiuturi^ havi* liei*!! nol(*d 
among monkeys simultaneously with outbreaks of tlu^ Imman diH(*aHe, Im- 
mune sera have been found in monkeys and other jungh* animals. Infe<‘l ion 
of man is regarded as only incidental and not a part of tlu^ natural (^yck^ <if 
the infection. Naturally infected jungle mosquitoes {Aedea leuaHrhwnm, 
Haemogogus capricorni, and a Sabelhine) have been found*'^ hut many 
factors in maintenance and transmission of the jungle infindion, in<*luding 
the transmitting vector for man, are not yet known. At the prestmt 
time cases of jungle yellow fever in man reprcsiud. pidimtial sounu^s 
of virus for the start of epidemics in urban areas wherc^ Aede.s aeuypti are 
found. 

Field Survey. — Two laboratory procedures have aided greatly in ihe 
survey work conducted by the International Health Division of the Boi^e- 
feller Foundation in both South America and Afrkja. One m the serum 
neutralization test^^e mouse-adapted virus. This lest is spcHiilics and 

127 Soper: Trans, Royal Soc. Trop. Med. Hyg., 1938-39, 32:297. 
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a iiaatniliziiif? scnitii iiidicaU's previous infection with the virus. Tests by 
tiiis imd.liod liave indicated the presence of yellow fever in regions in which 
it was (Imugtd. to hav(^ disappeanid, and by testing sera from persons of 
various ages in a conununity it lias been possible to estimate at what date 
Y<*U<)\v (ov(^r was Iasi pr(\s(ail there. 

Tlw oIIkm' iniporlant (ool in survey has been viscerotomy/^o a pro- 

(‘(‘(iur(‘ by vvhieli a porlioti <>(’ livei' is taken postmortem from pei'sons dying 
l<\ss than (^l<‘v<vfi days al(,(n’ the oiuset of atxy febrile illness regai'dless of 
( elinif^al <iiagnosLs. fhu^aust^ of the characteristic lesion of yellow fever, 
hisi ologif^al (^xanunatioii ol t.iu^sc spexiimens enables one to determine with 
e,<msi<l(*nibh‘ (u‘rtain(y vvh<‘th(^r I.Ik^ (Usi^ase was yellow fever. Many thou- 
sands of iiv(‘r spe<'ijn(Mis hav(^ Ixuni examined and the presence or absence 
of y fallow f<wan* (h'tisrniiUMl in regions where it would be otherwise impos- 
sibi<\ 

Ax'live Iumimuzalion.‘'“ 8inc(^ the epidemiology of jungle yellow 
fev(‘r do(‘s nol. p(Mrnil, its e-ontrol by the orthodox methods, resort to active 
inumiuizatifui of man lias hcxai necessary. For this purpose neurotropic 
strains of virus whi<^h hav(^ lost tlufir visixu'otropisrn have been invaluable. 
At. first mixl unss of (his virus arul immune serum were given. At the present 
t.imc a strain of virus, 171), whi(*.li has been maintained in tissue culture 
through many g<‘n(aal ions, is bcfing used. Repeated transfer in tissue cul- 
tur<^ lias r(‘HuIl(‘d in a strain of virus whose iHHirotropism and viscerotrop- 
ism hav<‘ both Ixhmi d(‘pr(‘sse(l, and it has proved safe and suitable for 
human Sulxailarusius inixailation renders monkeys immune to 

pohmt strains, mid in lioth in()nk<vys and man neutralizing antibody ap- 
pt^ars in tJx^ HiU’nm. Field h'sts indicate that immunity in man appears not 
laUa* than a w<M‘k aflfx* inixmlation and that vaccinated persons are pro- 
UH!l<xl vvhih^ un vaccina Ixxl peu'sons in the same groups may become in- 
fix*, ted. 

"fln^ p(‘rsiHt(nic(!i of antilxxly is greatly inlluimced by the age of the indi- 
vidual, its ilisappearance ixicurring earlier in younger age groups. In an 
adult population almost all ptirsons show some degree of neutralizing titer 
aflxM' four yixirs and a herd immunity probably lasts much longer. 

lli<‘, vaiuaiK^ UHixl is a frozen and dried emulsion of infected chick embryo 
whi(;h Ls ndiydrated with a saline solution before use. About 1,900,000 per- 
sons in South AriKU’uxi had been immunized with this material by the 
middh^ of 1940, and it has also been used extensively in Africa. Beside its 
UH(^ in nativi^s of (mdemic regions, it is given to persons working with yel- 
low hwer or going into areas where it exists. 

p<^Bl-vaccinalion Ilepatilisd'**^ — During 1941 and 1942 several mil- 
lion dosiYs of yellow fever vaccines were supplied to the armed forces of the 
Unitixl Slates, hourly in 1942 cases of jaundice began to be observed in 
increased incidence, especially in the army, following vaccination ny a 
period of weeks or months. The jaundice was due to hepatitis and some 

Soper, llicard and Crawford: Amer. Jour. Hyg., 1931., ^9;549. 

131 Gordon: Preparation and Use of Yellow Fever Vaccine, pp. 767-788.' 

Soper and Smith: Amer. Jour. Trop. Med., 1938, ^^.*111. 

Sawyer, et aL : Am. Jour. Hyg-, 1944, 59:337; 49:35. 
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cases were fatal. Such eases bad beea observed previously iu vjie<*iiiate<! 
individuals, and although the cause ot the jmmdi<u^ was not fully de(<‘r- 
mined, a change in the virus strain used iii pre{)arati<>u of I he vae(*ine was 
apparently sufficient to remove this complication. Up to th(^ end ot 1912 
there had been recorded 26,771 cases of post, -vacianat ion jaundiet* in the 
army, an estimated over-all incidence of 18 per 1000 vaiuaualeil ptasons. 
Most of the cases, however, followed the use of only covialn l<Ms vaccunc, 
the incidence of jaundice produced with some lots n^ai^hing aO t<^ 100 per 
1000. Investigation suggested that certain lots of human s(‘rum us(‘d in 
making the vaccine were the responsible hictor, and with tlu* <‘Iinunalion 
of serum from the vaccine, cases of jaundice promptly stoppe^d at)p(‘aring. 
Since this experience many instances of jaundh^e following tla^ inoculation 
of human serum for other purposes have come to light. 

Although a final decision as to what faiJtor in the va(‘cin<i was responsible 
for these cases cannot be made, the evidences strongly suggc‘sls than an 
icterogenic agent of infectious nature may b<i pn^siait in some human 
serums and capable of producing hcpatilLs in ia()(udat(‘<l individuals. Al- 
though a number of the donors of scrum used in tlic manufacM ure of the 
vaccine had histories of “catarrhal jaundice,” the pnvsime.e of luNiIthy 
carriers of the icterogenic agent in the populat.ion without history of jaun- 
dice must be postulated to fit the observed fucl.s. 

It seems likely that the agent is similar to that of inhu^ious Inipatitis, 
a clinically and pathologically similar disease, to whic'h atf tmtion has bc^m 
called in recent years by outbreaks occurring in troopsd^*'*^* 

DENGUE FEVEU 

Dengue, or “breakbone fever,” is an infectious disease found in warm 
climates. It is characterized by fever, heada(;h(‘,, muscadar pains an<b in a 
large fraction of cases, a maculopapular rash. About 30, 000 (tas(\s (Hanirnsl 
in Galveston, Texas, during the summer and fall of 1922, An outbreak 
occurred in Florida in 1934.^^® 

The epidemiology of dengue presents a striking rescanblanta* to that of 
yellow fever. It is transmitted by the yellow-fever mosquito, /tcf/e.v aegypli, 
and also by Aedes albopidus. Epidemics occxir, as with ycdlow hwtT, when 
there are simultaneously present cases of the dis(;a8f\ larger numlnu's of 
Aedes aegypli, and many non-immune individuals. Thci best method of 
prevention seems to be that based on mosquito-control measures. Immuni- 
zation procedures have not been successful to date. 

The virus of dengue is present in the patient’s blood during tluj last 
day of the incubation period and usually for the first three days of illness. 
Infective blood when inoculated either intravenously or subcutaneously 
into susceptible persons produces the disease. The cultivation of th<^ virus 

133* Cameron: Quart. Jour. Med., 1943, jf 2:139. 

134 valuable monograph on dengue, containing the results of original inve^stigation 
in the Philippine Islands and a full bibliography, has been written by Siler, Hall and 
Hitchens, Manila, 1926. For a more recent review see Simmons: Dengue Fever, no. .349- 
364.1 ^ * 

Jour. Florida Med. Assn., 193,'5, 2i:395. 



l^hlebolomas Fever 835 

oil (h(‘ ch(>rioallaiil,oi(‘, riK'mliraiu’: of (^hick embryos has been reported.^®® 
Animals ^(ai(‘rally used lor i^xperiment are considered insusceptible but 
inapfianmt inhudions hav(^ hinm produced in monkeysd^^ Although this 
linding d(H\s riot sufiply a lahoralory animal for practical use, it is of epi- 
(l<'mi<)Iogi(‘al inl<a’(‘s(. It was found that monkeys in endemic regions, 
like many pcsrsons, wca*(^ immune, while monkeys brought in screened 
(^ag(\s lrom <>(her n^gions were susceptible. This may indicate an animal 
r<‘S(a*voir of virus. 

Whih^ one atl.acik of (haigiu^ confers an uncertain degree of immunity, 
pm\sons r(\siding in imdcanic areas are often found to be immune when in- 
(xailal.iHl widi l.h<^ virus. However, second, third and even fourth attacks 
ar(^ known to oiunir. It was sliown in the Philippines by experimental in- 
(Hailatiiin that a seixind al Uudi might be produced after an interval as short 
as firty-thns*! <lays. 

PHLEBOTOMUS FEVElP^s 

Tflis <liseas(% also known as pap pafaci fever, sandfly fever and three-day 
fever, oixairs during die hot, dry season in many regions of the tropics and 
Buhl ropi(\s. I(, is a f<w(n‘ of a short duration with clinical signs resembling 
inflmmvia but without the signs of inflammation of the respiratory tract. 
()n<^ atta(^k coalers immunity for at least four months and probably for a 
y<».ar or m<lr<^ Thi^ disc^asc is transmitted, as far as is known, only by sand- 
lli(NS (pappata(‘i llit^s, Phlebolornus papalasii) that have fed on the blood of 
f)at i<ml,s, although there is a possibility of a type of congenital transmission 
in du^ lly. Afliu* hx^ding, the flies become infective on about the seventh 
day. Becibugs and rnosiiuitoes (Culex pipiens and Aedes aegypti) have been 
repor(,(xi unable l.o transmit the infection. 

No un(|u<%stionahly susc.eptiblc experimental animal has been found and 
exixaarmud.H havii n<xx‘ssarily been done on human volunteers. A claim for 
cultivation of th(^ virus in IV'.rtile eggs has not been confirmed in more re- 
cmit work, 

Tlu^ virus is pr<^sent in the blood of man in amounts up to 1000 infectious 
doH<w pen* (iubic (xuitimeter one to two days before the onset of fever and at 
tw(nil,y-four hours, but not at forty-eight hours, thereafter. Serum re- 
mains infeudious when storenl in the cold or when frozen and dried. Dif- 
Au'enilial filtradon tests iudieuite that the virus has a probable diameter 
of 25 to 40 mg. 

b]xp(u*im<mt.al transmission in man is accomplished much more readily 
by intravenious or intracutaricous inoculation than by subcutaneous or 
intrairnuscular. Subj(n;ts which have received subinfective doses by one of 
the latt(u* r<)ul,es have been shown to be immune to subsequent infection. 
Ih'ophylaxis by control of the vector is difficult because the flies are able 
to pass through an ordinary mosquito net. 

Shortt, Ilao, and Swaminath: Indian Jour. Med. Res., 1936, 25:865. 

SirnnioiiB, St. John and Reynolds: Philippine Jour. Sci., 1931, 44:1. 

For a genc^ral discussion of this disease and a preHminary report of investigations 
undertaken by an Array Commission see: Sabin, Philip and Paul: Jour. Amer. Med. 
Assoc., 1944, f 25:603, 693. 
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ENCEPHALITIS 

EiicephallLis, or inHainmalioii of Lhc brain, may ix' (•au.s(><l l)y a vari(il.y 
of etiological agents. A, number of human disoase.s of obscuix^ nature' are 
also included under this general term, but dm^ to lack of knowledp' con- 
cerning them, olassilication of these entires has nol. Ix'c'n sa(islu<-tory. 
The following is an adaptation from a classilication of I hi' human cnccpha- 
litides due to viruses, and those ausp(Kited of having a virus cliology.''"' 

L Infectious encephalitis 

1. Type k. von Economo’s, or Ictharfijio type (<‘,hiefly sporadic > 

2- Type B. (chiefly epidemic) 

(а) . St. Louis encephalitis 

(б) . Equine encephalomyelitis (scsva^ral typdss) 

(c) . Japanese encephalitis 

(d) . Russian cnct^plmlitis 
3. Other types, 

U. Post-infectious, or para-infectious encephalitis. 

Lethargic Encephalitis. — von llloouorno (h^scrilx^d an <q)i<!(nnio of on- 
cephalitis which occurred in Vienna during lh(i winlcu* of 1<>16 17. Idus 
marked the beginniug of recognized outbrenks of Ibis <lis<^aHe, {(nniu^d leth- 
argic encephalitis, which appeared in many parl.s of I.Ik^ worhi. At pnsscun 
this type of encephalitis^"^^ is endemic in alinosi, (w<‘ry civiliziMi country, 
but seldom appears iix epidemic proportions. 

The early outbreaks seemed to bo associaU^d to sonn^ with epi- 

demics of influenza but the etiology of the diseavS(^ is not. y<d, (XHlahlislnql. 
Ill the quest for a causative agent interest has (^enUaxxl on varioiis ha(fl<*ria, 
chiefly iieurotropic strains o{ Streplococciis viridam, and to a grind (U' (*xt(ud 
upon viruses. In 1920 Levaditi and Ilarvicr isolatixl from jHdiinds a st rain 
of herpes virus which was capable of producing (uuHq)halitis in rabbits, 
and which they considered to be the cause of tlu^ Inunan (lis(‘as<\ <)n<^ of 
the patients was suffering from herpes, howevesr, and tiu'. possibility nv 
mains that this was the source of the virus. Othiu* workiU's hav<^ ob- 
tained similar results, and herpes virus has Ixhmi found in brain tissuij, 
nasopharyn:x, spinal fluid and saliva of cases. Th(i sianx^ssful isolations 
are relatively few compared to uasuccessful attempts, and iloubt is <niHt 
on the significance of this virus by the fact that herp(*s virus has Ixum 
isolated also from spinal fluid and saliva of persons wilimut signs of endfan* 
encephalitis or herpes, Whatever the relation of h(irp(xs virus to von I'](ro- 
nomo encephalitis, it is nevertheless apparent that herptis, or h(n‘p(^s-Iike 
viruses, can on occasion produce central nervous sy^stom inhxition in inari. 
The B virus from a case of human myelitis (p. 844) and the demonstration 
of herpes virus in encephalitis of an infant (p. 807) are illustrations. 

St. Louis Eucephalitis. — Cases of a disease tiow known as Louis 
encephalitis first appeared in Paris, Illinois, in the summen* of 1982, and 
were diagnosed as von Economo encephalitis. A larger outhn^ak occurred 
in the late summer of the following year in the vicinity of St. Louis, Mis- 

130 Report on the St. Louis Outbreak of Encephalitis, Pub. IlealUi Bull. No. 214, 1<):15. 

Epidemic Encephalitis, Third Report of the Matheson Commission. Columbia 
Uaoiversity Press. New York. 1939. 
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souri, aiid Uu‘S(^ (^as(\s w(M‘e nu^ognized as a new clinical entity. The 1932 
<*.avS(‘s \yen^ siiowii in n^tnkspecl to be this new disease. The disease appeared 
a^^aiii in St. Ijouis in 1937, and smaller outbreaks have been observed in 
other vv(\sl(';rn statics. 'Idua-i^ is indirect evidence from the serum neutrali- 
zation t(\st that th(^ inr(H5tion is present in many parts of the United States. 
An t^arly survi^yi^^ indic^ahnl that 36 per cent of contacts and 9 per cent of 
non-con ta(d.s f)oss(\ss lunilralizing serum. In an endemic locality (Yakima 
Valley, Washing!, on) tlu^ incidence of positive sera in persons who have 
n^sidctd th(n'(^. some tinn^ is iumu* 80 per cent.^^‘^ Outbreaks of this disease 
have occuiriHKi in summer but disappear with the advent of autumn. 
In th(^ 1933 ou(.hi*(»ak in S(,. luotiis <‘,ases appeared first outside the city, and 
t,h(^ morbidity rat(^ for l.lu^ (‘pid(nni<^ was actually higher in the rural dis- 
tri<d,s surrounding tlu^ (fity than it was in the urban area into which the 
(listNisc^ laler movinl. is no evideiu^e that St. Louis encephalitis is 

sf)r(^ad by milk, walin’, or food supply, and attention was early turned to 
the possibilil.y of insecit vix’.tors- l^]xperiments with mosquitoes by the 
first inv<\s( igators win'c negative; since then strong evidence has been pre- 
senl.tnl (hat mos((uito(‘s an*! tlu^. vector {x)ide infra). 

The Virns. M ui^kinifuss, Armstrong and IVIcCordock^^^ in 1933 suc- 
cinssfully infindinl monki^ys by intracerebral inoculation of brain tissue 
of a patiinit who had suc-cumbinl to the disease. Shortly afterward Webster 
and Kil.i^ found that, miiu^ are susiu’iptible to intracerebral inoculation, and 
mic.(^ have rinnainiHi tlu^ animals of choice for the investigation of this dis- 
<^ase, ’‘rh(‘ inf(‘(9 ions agiuit was shown to be filterable and its relation to the 
human disiuusi^ was confirnu^d by wsc^rurn neutralization tests with the serum 
of r<‘<^ov<‘r(Hl patiimts, 95 per (unit showing protection. Multiplication of 
the virus ociairs in l-issin^ cnilturc^ and upon the chorioallantois of fertile 
eggs.*^’* 

Idu*, virus of St. Louis (nicxiphalitis may be stored in buffered ^glycerin 
in the n^frigea-ator, or in tlu^ frozen stale. In an emulsion it is somewhat 
labih^ at room tcunpiunturii but deterioration may be minimized by using 
normal smann in thiMlihnait. It shows partial immunologic relationship to 
W(‘st Nile virus (p. 814) and Japanese encephalitis virus, especially by 
the <‘,onq>liun(u\t fixation ti^st. 

Leservoir of fnfecMon.- -Bo, ml(i mice, hamsters are susceptible and a 
riumbiu’ of otlua* animals and l)irds have been shown to suffer an inapparent 
inf(Hd.i<)n aftin’ inoculation, detecdable by the presence of circulating virus 
in the blood. Among tluise is the horse, which fact provides another simi- 
larity b(d,w<Hin this virus and those of equine encephalomyelitis (vide 
infra). lluBcs observations, together with the evidence from neutralization 
tests on Biunim taken in endemic areas, that many wild and domestic mam- 
mals and birds have cxi:)crienced infection with this virus, indicate that 
thcire ari^. perliai>s many potential reservoirs of infection. The virus has been 
iBolatiKl from mosquitoes (Culex iarsalis) captured in an epidemic region, 
and nine specacs of mosquitoes (including C. tarsalis) in three genera have 

“Wooley and ArniBtroriig: Pub. Health Repts., 1935, 49:1495. 

Hammon: Jour. Amer. Med. Assoc., 1943, 42f:560. 

Harrison and Moore: Amor. Jour. Path., 1937, f.?:361. 
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been reported capable of experimciiUil Irausnussioii.* Sc\ <‘ral o( her spt‘ek‘s 
have been shown to harbor the virus for some tinn^ aft(*r hMMliiig upon in- 
fected blood. All observed epidemics are said to luivc^ o<H*urred in ( he pnvs- 
ence of large numbers of mosquitoes, those in ( he W(\s( being assocaattul 
particularly with irrigated regions. The tick, Derrnacenlor niriahilis, is also 
capable of transmitting this virus.^'*® 

In summary, the evidence indicates that this dis(‘as(^ has an (‘xt rahunian 
reservoir in birds and mammals from which sources man is inf(‘e((‘(L 'frans- 
mission is effected by mosquitoes and perhaps odu'r ar( hro(H»(Is. 

Artificial Immunization . — Mice may bo immunize<l by m<Klerat(^ <los<\s 
of active virus given intraperitoneally and inunun<‘ s(‘ruiii luts b<‘(‘n pro- 
duced in non-susceptible animals such as th(^ rabbit.. A formalin-irta<^(,i- 
vated vaccine, capable of protecting mice agains(, p(‘ripht'ral irnxadation 
of virus (and against intracerebral inoculation if larg(' and rep(‘a(ed immu- 
nizing doses are given) has been described.^'^® Although tlu^ vaccira^ was 
shown practicable for use in man, and capable of inducing mnilralizing 
antibody in about one half of the inoculated subj(H‘.(H, no liehl trials Iiave 
been reported. A vaccine rendered non-infective by cixposurc; for short 
intervals to intense ultraviolet radiation has also bctui report In (tu* 
dosages used it produced a high degree of irnmunily in mi^H^ 

Equine Encephalomyelitis. — During an epizoolici of this dis(Mist‘ in 
California in 1930 a filterable virus was recjovcnxl*'^'^ from (tic l)rains of 
affected horses, which proved to be quite distinct from ot.hcM' known luniro- 
tropic viruses, including the previously descrihcxl virus of Borna <iisi^ase, 
a European encephalomyelitis of horses. Since (hen ecpiint^ (aua^phalomye- 
litis has been described in most regions of the lJt\i(.(xl Sta(<\H an<l in parts 
of Canada, in South and Central America, and in Hussia an<i Japan. 
During 1938, an epizootic year, 184,662 cases were. r(‘por(od in tlu^ UiuBhI 
States.^^® A severe form of the disease occurs in the (nisUa-n part of this 
country and the “eastern type” virus recovered from these eas(*s Ls immu- 
nologically distinguishable from the originally des(irihcd Ic^ss “west- 

ern type.” A “Venezuelan type” has also been isolated whicJi is immuno- 
logically distinct from the other two.^*^® Infection of man has o<?curred wit h 
all three strains. 

Animal Susceptibility . — Although these viruses were first obsiu’vtid 
in horses, thereby supplying the name now universally uschI, (iquimxs are 
not the only animal host, and probably not the primary one, for ihene 
strains. The eastern type has been recovered from the brains of pig(X)ns^’^^ 
found suffering from an epizootic at the time equine eUKUiphalomyelilis 
was prevalent in the same region, and several reports*®^ have appinircxl of 
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tlu’: d(‘in<)nstral ion ol I, ho virus iu the brains of pheasants. Possibly other 
natural hosts will lui touiul wsiiux^ a great variety of animals have been in- 
lo<^to(i by artiticrial inooulation of the virus. In addition to the usual labora- 
tory animals (mice, rat-s, guinea pigs, rabbits and monkeys) calves, goats, 
goph(n*s, pig(‘ons, guinea fowl, young puppies, and several species of wild 
nxhnils are stis<‘(vptil)le t.o the western strain. Sheep, pigs and cats are 
appannilly resist.arit to the western but susceptible to the eastern strains. 
Using the Arg(nitine strain, immunologu^ally identical with western virus, 
lhanlingor and Bailly^^^ found a number of birds susceptible, including the 
mallanl duck and otlux* migratory species, a finding of possible significance 
in th(i natural distribution of the virus. Quail, sparrows, chicks, hedgehogs 
and goals axn be infec,t,(id with the eastern strain.^®^’^®® Infection of turkeys, 
(diickcuLs and other birds, manifest only by the presence of virus in the 
blood stnxun, lias be(xi (lescribedJ®^'^^® In extensive tests on sera of ani- 
mals and birds tak<^n in endemic areas neutralizing antibody against the 
W(\sl.<u'n St, rain was found in many cases. As in the case of St. Louis encepha- 
litis (p. 836) a po(,(‘nl,ial n^servoir of infection probably exists in wild and 
dom(\st,ic animals arid birds. 

The Virus*, Uxiuincj encephalomyelitis virus has been demonstrated in 
the blood of hors(\s and guiiu^a pigs during the febrile period preceding the 
ons(d of mawouH syHt,(an signs, hut not after defervesence and the appear- 
ance of paralysis, wIkui it is found in nervous tissue. After subcutaneous 
or int^ravcuious inoculation in guinea pigs it may be demonstrated in the 
blood s(,r(‘am and appcnirs to invade the brain by migration through vessel 
walls.^^" Once in the brain it may follow nerve tracts. The pathogenesis in 
young mie,e (lifl.cHni days) is similar, hut in slightly older mice (twenty-one 
days) th(a’<^. is cvid(^nc‘,e that the virus uses peripheral nerves as a path to 
the (unilral mu'vous syshun. 

b)arly estimations of tlu^ size of this virus, by differential filtration and 
(uuitrifugation, in(ii(‘ 4 ited it was between 20 and 40 m/x in diameter. More 
re(umt study^"® assigns a diamet<‘X of approximately 50 mg to both the east- 
ern arid w(ist(irn strains and elerdron micrography reveals circular images 
of uniform size, 

A Iipomi(4e()prot(‘.in (complex with an estimated molecular weight of 
152 million has been isolated from infected tissues and shown to behave 
as the virus.^”^ The infeetivity of tissues may be preserved in glycerin or in 
the froz<m stut,<^ and blood serum Uxkcu from infected guinea pigs retains 
its viruhmee for three months when kept in the refrigerator.^®^ 
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Irifeclivity for Man . — In tim laic suiiiincr of I03H whilt^ e(|uia(i «aH‘cplia- 
lomyelitis was prevalent in Massa(‘.lms(‘tts and lUiodc* Islarul, an epidtnni(^ 
oi enceplialilis comprising’ approximated y li>rly (*as<‘s, mainly in (‘hikh'eni, 
appeared in the same re^^iom From Iho brain (issu(‘ <>rst^y(‘ral castes coinin^^ 
to autopsy a filterable virus was re(iov(‘nHi“»** by mouse* ino<‘ulation whiedu 
from clinical, histolo^^ic^al and immunolo^^ie'al (‘vide'iua* in <*\p<*rim<*ntal 
animals, proved to bo the^ eastern type of the hors(‘, virus. Human infindion 
with equine encephalomyelitis had, in fa(*t, Ikmui susptMded as <‘arly as 
1932 by Meyer, who observed an unusual tyfx^ of (mct‘phalil is in thnn* 
men who were in close (‘ontaeJ. wilJi horscss itil(Hd<‘d vvilh lh<* \V(*s((‘rn t,\p(‘ 
of the disease, lliiman infecd-ion with th<^ wc^sUnm tyfx^ was dehnitcly proved 
by isolation^®'^ of the virus from man durinj’’ an (q)id(unic in (California in 
1938. Since then epidemics hav(5 Ikhui r(H;o<>:niz<xl in variotis parls of the 
West, often in conjunction with (uis(\s of St. Louis (m(*ephalil is. 

Surveys by means of tin* serum lunitrali/atioji t(*st in llu* r<‘^ion of (li<^ 
Massachusetts epidenn<^”‘^’ and in various l<>(*alili(\s wlu^n* tln^ wes(<‘rn 
type has occurred have furnished furtiun* informal ion t*on(H‘rrnn^^ human 
infection with this virus. ''Fhci ohs(*.rvati<)ns to dah^ itKli(‘at(‘ that tla^ pres- 
ence of antibody in man usually n'sults from an atla(*k of tin? dis(‘ase, 
although in some regions rurntralizing S(u’a hav(^ Ixam obi aim'd from pt'r- 
sons with no history of nervous system disi^UvScn 4du^s(^ hndings an* in <!on- 
trast to tlie appreca’ablo p(n*(;(mtag(xs of s(n‘a fomnl in tlu^ g<*n(*ral population 
capable of neutralizing St. Louis and (xu'tain oth<*r m*urotropi<^ viruH(*H. 
All of 14 sera from patients with emu^phalitis in IVlassachusetls (eastern 
type) showed runitializing ability, but 1 14 s(n-a from eonluctts and olht*r 
persons were negative. The early appciaraiux^ of neutralizing antiliodies (six 
to eight days) in human infeidlon with th(i eejuim^ virus im*reas<*s the 
potential value of the serum neutralization bist as a diagnosti<^ procixlun*. 

Transmission . — The occurremic of outbr(‘.aks of this disease in laU^ sum- 
mer, as well as other epidemiological observations, sugg(‘sls ins(*(‘,t trarismis- 
sion, and the presence of virus in the blood of hors(*s and <*xp<*rimental 
animals is compatible with this view. Reiser (1933) (l('m(mstratt*.<l tla^ 
experimental transmission of the western sl^rain to guin<*a pigs and to a 
horse by the bites oi Aedes aegypti mosquitoes whicdn had Ikmui allowcxl to 
feed upon infected guinea pigs. This was conhrrruxl by Merrill and T<m 
Broecld®® who also found that the vinis multipliers within tbe^ mos<iuito. 
A number of other species of Aedes, as well as tlu^ wood (hdi Derniacerdor 
andersoni, have been found capable of transmitting tlui <liH{‘ase. During 
an epidemic in the Yakima Valley specimens of (Julex larsalis wt'n^ found 
infected in nature with the western virus, and epidemiologicud obH(‘rva lions*'" 
strongly incriminate this species as the agent transmitting the?; irdeedion 
in that epidemic: Calex iarsalis and two other species have transmitted 
western virus experimentally in the laboratory.^**** Western virus has alH<» 

Fothergill, Dingle, Farber and Connerlcy: New England Jour. Med., P>:ia, 219:1-1 1. 

184 Howitt: Amer. Jour. Pub. Health, 1939, 29:1033. 

1®® Cf. Fothergill: Equine Encephalomyeliiis, pp. 66 1-68.3 J 
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b(M;n nH-<)V<‘r(‘d from (issuHsiu bu^-s (Trialoma sangalsaga) collected in an 
(*pizooli(* region, and ('xpca’inKaital tninsinission^^’Mias been accomplished 
\vi( h th<‘S(‘ ins(H‘ts. 1 liis spec,i(‘s may be one of the arthropod vectors pos- 
i,ula((‘d for l.ransrnission williin th(^ animal nvservoir. 

Arhjicial I'rnnninizdlion,- l^Awly attempts to induce active immunity 
sho\v(‘d (hat ^^uira^a pi^s could Ix^ protended to some degree by a variety 
ol pr<‘para lions, lii(‘ (d]fi<‘acy o^ which depended mainly upon the amount 
of tvs <lual a<div<‘ vims pivstatt in the preparation. Siiahan and Giltner, 
and (a>x and Olitsky^^^' r<»porl,ed snccc^ssrul immunization with formolized 
pn^paralions in whit h tto activ<‘ virus could be detected by various tests. 
An advanct^ was madt^ wlnm (his itK'thod o(‘ inactivation was applied^^^ 
to (h<^ virus as <mltur<vl in <^hi<^k (anbryos. It had previously been found 
that <‘hi<'k (unbryos an^ (ptih^ suscu^plible to this virus, the titer oC infected 
(attbryo tissu(‘ b(‘ing <‘or»sid(‘rably highta* than that ot horse or guinea-pig 
brain. It has btxm ('s(,imal,cd''’^* tliat .‘h ()()(),()()() horses and mules, or about 
on<"-hl(.h ol (ii<‘ (<)(.al niuttber in tli(". (inited States, received prophylactic 
ino<uda(, ions during I9:i<). Some ol* these were no doubt inoculated during 
tlu^ iiuaibal-ion p<a‘iod of the'- dis(‘as(',. Nevertheless the incidence was re- 
port <‘d as 1.2 pcii* 1000 in unvaexanated, and 0.27 in vaccinated horses and 
rnuhxs, 

Idiis (yp(^ of va<x in(‘, has also l)een employed in imrtuinizing laboratory 
worker's, sin<x‘. a numlxu' of cas('.s of infe(‘tion and death have occurred in 
p(M’s<>ris working with (his virus iti laboratories. 

PaHsiv(^ immunization has also beem demonstrated. If an immune rabbit 
s<‘rum of high tiltn* is iis(xl rnict^ and guinea pigs can be protected from death 
<‘V(m when th<^ s(‘rum is withlield until a c,onsidcrable interval after the 
virus is injcHdxHl.’^'* 

KiK’iephiditis. TIk^ Japanese form of type B encephalitis 
has Ixuai r(xx)gniz<‘d UvS a <;lini<5al (mtity for many years, first appearing in 
Japan in <^pi(l<*mi<? form during the summer and fall of 1871. Since that 
tim<‘ th(a’<i have's Ixxm num(a‘()us outbreaks characterized by occurrence in 
warm we^atlx^r, a seJexd.ion of the higher age groups, and a high fatality 
ratex Thexse^ <ipi<J(‘miologi(;al features are similar to those of the first out- 
bn^ak of S(<. Louis l-ype^ of (mceiphalitis, and difler from those of von Econ- 
omo ( ype of (’:n(u^i>halitis, whiedi (xxuirs chiefly in the winter months and 
atl-ae^ks youngeu’ agt^ groups. l"he summer incidence raised the suspicion 
of inscHd. transmission in this disease also, and four species of culicine mos- 
(piil^x^B have Ixxui founeb^'* that can be infected by allowing them to bite 
pal,i(m(.s. Jlie virus persists in the rnoseputo for several weeks as evidenced 
by lh(^ in<Kuda(-ion of rniev with suspensions of infected mosquitoes or by 
allowing the mosquitoes to feed upon mice. 

From the bruin tissues of a fatal case in the 1934-35 epidemic a virus 
was r(xx)V(^r(xl by I layashi which would infect monkeys by intracerebral in- 

(iruiKhnanri, ffl a/,: Jour, luf. Din., 1943, 72:163. 
and Olilnky: Jour. Kxp. Med., 1936, 6.?;754. 

Beard, e£ aL: Soimee, 1937, ^7.-490. 
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jection. Later other workers established infee-tioii in mice wilh <)th<‘r strains 
of the virus. The various strains of Japanese ene(^t)halil is have Ihmui shown 
to be identical, but in spite of the epideiniolo^^ieal and (Jinieal similarity 
between this disease and St. Louis encephalitis, tlu^ two virus<\s difler 
antigenically.^^® Nevertheless there is some minor antig(‘iii<^ n^lat ionshipd^« 
these two agents together with West Nile virus (p. 814) forming a sub- 
group of neurotropic viruses. A diflercTU^e bid ween JapaiU'Si^ and St.. I^ouis 
virus is seen also in the range of susceptible animals. A severe inh^ction 
occurs in monkeys with the Japanese type, while tlu^ rtnuJion in tiu^se 
animals to St. Louis virus is mild or absent. In shec'sp t.h<^ lat her vinxs is 
innocuous but Japanese virus produces a severt’i inrtHdion. 

A formalin-inactivated vaccine which prohxJs mice against the expert- 
mental disease has been described in conjunction wit.h a similar prepara- 
tion against St. Louis encephalitis.’^^ 



Fig. 234. — Section from the cerebral cortex of a monkey dying with Japanene ejice.ph- 
aJitis. Cellular infiltration within the meninges and arouxid the hkxxl in apparent. 

Arrows point to small areas of inflammation within fhe brain tissues Ihnnntoxylin an<l 
eosin; X 35. 

Russian Encephalitis.’^^ — (Synonyms: Vernal, Spring-Surnrmsr, Forest- 
Spring, and Tick-Borne encephalitis.) This form of enccsphalitis was reev 
ognizedin 1937 among residents of the far eastern provinces of tins Soviet 
Union. It has a seasonal incidence, occurring from May to August, is found 
in wooded districts and attacks especially persons who do forestry work. 
It is transmitted by the bite of infected ticks, especially Ixodex permit 
catus, and congenital transmission of the virus occurs in this ti(ik. On this 
score as well as by antigenic relationship it resembles louping ill (p. 843), 
a tick-transmitted virus disease of sheep, but otherwise the epidcmiologi( 5 al 
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ohs(‘rval,i<)iis are v<M*y similar to those of equine encephalomyelitis (p. 838) 
and St. L<)uis encu^plialilis (p. 836). Numerous forest rodents and domestic 
animals in endemic', rc^^ions liave yielded neutralizing sera, some have 
h(‘en lound naturally inhioted and others have been proved susceptible by 
inoc'ulal ion. Thcvrc^ thus appears to be a widespread animal reservoir in 
addition to tlie tick. Many persons in endemic regions have antibody in 
theur scsrum without a history of the disease, indicating that unrecognized 
infcH^tions ocxair in man. 

Sucx'esshd protcustiori of man in an endemic area has been reported^ 
by th(^ use of a formalin-inactivated vaccine. 

Other <»f Infections Encephalitis . — Australian X Disease . — 

In 1917 and 1918 a disc^aso resembling Japanese encephalitis appeared in 
epidemic', lorm in Auslralia. An agent which appeared to be a filterable 
virus was iwSolal,<‘d and found to be infectious for monkeys, sheep, cattle 
and horsc^s. I lnforl.unatcly it was not possible to maintain the virus in- 
dclinitely, and I, borough inve^stigatiou has not been possible. Similar epi- 
(hunic's oc'-c'.urrc^d in 1922 and 1926 but further strains were not isolated. 
Thc^ age^nt found in this discinse had striking similarities with the virus of 
louping ill. 

Ijmping 1 11.^'^^ 'Tfiis is a disease primarily of sheep, occurring in Scot- 

land and l,hc^ norltic^rn c;c>untics of blngland, and characterized by encepha- 
lornycdilis. dlie virus is infe(*,ti<)us also for monkeys and mice, resembling 
in this rcvspcMd- tlu^ agcnit of Japanese encephalitis. Perdrau^®® has compared 
hisl.ologhud matc^rial from louping ill and the Australian disease and found 
the Ic^sions very similar, the characteristic change in each case being necro- 
sis of thc^ Purkinjci ctells of thc^ ccrehellum. This lesion is apparently re- 
.sporusibh^ for ataxia seen in infected monkeys and sheep. Another simi- 
larity to thc^ Australian virus is seen in the infectivity of louping ill for 
cattle and horse ss. 

Louping ill is transmitted in nature by a tick, Ixodes ricinus, and the 
virus is prc^serit in the blood stream during the febrile stage. Animals are 
susc'.c'pl iblc^ to intranasal inoculation, and several infections in labora.tory 
worker's (‘iigagc^d in study of louping ill have been attribtited to this virus.^®^ 
Thc^sc^ <!as(‘,s wcirc^ of varying degrees of severity, and although louping ill 
virus was not isolat-cid from tlie cases, the diagnosis was made by means of 
the ncuitralization (nst, using serum taken after recovery. 

This virus has a definite antigcmic; relationship to the virus of Russian 
encuiphalitis and it is noteworthy that both are transmitted by ticks. 

B Virus. A fil ((arable agent, tiow known as B virus, was isolated from 
the <‘,entral nervous sysLcun of a laboratory worker who died of an ascending 
my(^litis with visceral necrosis, following a bite on the hand by an ap- 
parcmlJy normal monkey. The virus is infectious for rabbits and monkeys 
and is capable of producing lesions in skin, viscera, and nervous tissue. 
In this rcspecU, it resembles the virus of pseudorabies of animals, and its 

SrnercxImtHeflr, d at.: Arch. gos. Virus forsch., 1941, 2.-1. 
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afliuity for skin and norvous tissue, as \v<^II as its la^havior in tia^ rabi)i} 
relates it to the virus of h(u‘p(\s. All thes<^ thnv^ a^^aits |>rodu<*(^ in(ranu<^l(‘ar 
inclusions. Although not antigonically i(l(aitic,al vvilh and pscunlo- 

rabies, B virus has shown partial irninunologi(‘al rdationship to l)olhd‘<- 
A number of normal monkey s(Ta have Ixam found eapahh^ of neutralizing 
B virus and it is postiilaU'd, (Ji('n^for(\ that natural inhnd.ions o(‘<‘ur in 
monkeys. 

West Nile Vims'.— ln lOU) th(‘, isolation of a virus was r<HH)rt<ah^’^ from 
the blood of a native of Uganda sulha-ing from a h^hrih^ illiu^ss. During 
convalescence the patient devcilojxHl antibody against tln^ isoIat(‘<i agmU. 
Serum tests on nativ<^s indixuih^ the pr(\sen<‘(^ of this virus in scweral ri'gions 
of Africa. The virus is rieurotropi<^ iide(‘liv(' for nii(‘e and rh(\sus monkeys 
and has an estiinated particles dianndnr of 21 lo 21 mg. It is ant!g<mi<*ally 
related to the viruses of St. I^ouis and .)apan<'S(‘ (unx^phalitis. 

Relationships of ihe Viral Bnoephalilides. 1 nv(‘sl igal ion In this 
group of viruses has Ixhmi iul,(nis<^ in r(xum(, y<*ars and <^u‘tain ndat ionships 
and generalities ar(‘, b(HX)r»tifig apparixil,. It. is notcwvor*! Iiy that a numlx'r of 
these agents are transmitt.(xi hy art.hrop<xls (('ast(nn and vv<\st<n‘n <H|uin<^ 
encephalomyelitis, St. Louis and Japaii(\s(^ (xxH^plialitis hy mosepatoes aixl 
perhaps other vectors; Bussian (axx4)haliths and l()ut)ing ill by ticks) and 
that most of these at h^ast ar(‘ primarily dis(xis(»s of animals with inhxMiorj 
of man being only incadcmtal. 

Antigeriically t lu^ r(^lal,ionshif)s appear to (h^xuid upon what test is Ixarig 
used.^^'^ Thus l.hc^ St,. Louis, Japanes(‘ and West Nil(' virus(‘s an^ n‘lat<xl 
when tested by the cornplentent-Iixation test or hy (he lUMdralization Uxdi" 
nique if serum of sidTi(nentIy high tit<u‘ is us<xl. But. wlxm <;ross-n‘sistanee 
l.(^sts were perfornnxl on actively immtnuz(xl anirtials no redationships 
revealed. The (Hpiirui eixxyphalomyelit.is strains stand apart ant ig(uu(*ally, 
as far as is known, as is also ilx', ease with llx^ agcmls of th(^ other mniro- 
tropic diseases discussed below, poliomyelitis and rabi<\s. 

Laboratory Diagnosis . — This consists (utlx'.r of (1) isolation of tlu*. agiuit 
in a suitable experimental animal from blood, spinal (luid or nervous tis- 
sue, or (2) demonstratioti of au increuise in seu’um antibody <luring <‘on- 
vaiescenice. A serum spexamen should be taken as (airly as possiblt^ during 
the illness to compare with one or more spcHunKuis t.akcm during con- 
valescence. The neutralization test may b<y us(h 1 but a (axnphmxmt fixation 
technic^ is also available. 

Postinfectioiis Encephalitis. — This is a (Uiiit.ral ntawous systenn dis- 
turbance, seen only rarely, occxirring after various inhxdions suc.li as 
measles, varicella, iiilluenza and vaccinia. Anl.irabies prophylaxis is soim^- 
times followed by a similar condition. Although this clinkud ent.ity has 
been called encephalitis, the characteristic k^wSion is not an inflammation. 
The predominant pathologic change in the nervous lissix^ is p(>riva8(mlar 
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(I(‘niiyolinizali()u, a l(\si<)n (jiiite diflereiit from those due to the known 
iKUiro tropics virusc^s. 

'V\u\ (‘I iolo{j,’,Y of th(^s(‘ eases is obscure, but since they seem to follow 
virus iulVdiorrs, it has Ix^en suggested that they are due to virus strains 
wliieh iiave snddtaily gained the ability to invade the central nervous 
sys(<uu. \gainst iJiis lh(M)ry are the facts that efforts to recover virus from 
th(^ brain of Falal e.avS(\s have failed, that the lesions, as mentioned above, 
do not r(^s(anbl(^ tliose due to known viruses, and that similar encephali- 
tid(^s ar(‘ s(hui aflcu' inh^dions due to agents other than viruses. A second 
hypothewis is I hat a laUait virus has been stiiTed to activity by the infec- 
tion, but this s(‘(‘rns similarly untenable. A blood-borne toxin and a hyper- 
s(msi(,iv<^ s^at(^ hav(^ also b(aii» suggested as etiological factors. In this con- 
iHHdcion, it has Ixaai r(^p()rt(^d that repeated injections of normal rabbit- 
brain tivSSiK^ inl.o monkeys indu(‘.es an encephalomyelitis with lesions similar 
to thovse. s(‘(‘n in hmtum cases.^”® 


POIdOIVlYKIJIUS (EPIDEMIC INFANTILE PARALYSIS) 

This <iis<M»s<d”7 was (l(^scrib<Hl by Heine in 1840, and several epidemics 
in th(^ Ial.(x‘r part, of I lu* ninelcumth century were studied intensively. It has 
sin(^(^ b(HHan<^ f)r<wal<‘nl in many parts of the world. Primarily a disease of 
(diildren, l\u^ ag<^ inchhunai in r(M*(mt years has shown a definite rise. The 
prodromal s(.ag(‘. itiay lake die form of a general illness with headache, 
fev<u*, gasl.ro-inl,<‘stinal disl-urbarK^e or upper respiratory disorder. Menin- 
g(‘al signs appt^ar and otlnu* c‘viden(‘-(^ of beginning central nervous system 
involv(un(mt may b(‘. pn'sent. iVlany cases progress no farther than this 
fnon-paraly ti<; poliomyelitis) or may show transient weakness of a member. 
'rh<‘. <*Jassi<^al <‘,as(^ go(^s on to varying degrees of paralysis from which re- 
(‘ovtu y is slow and sonudJrru^s is never complete. The essential lesion in a 
j[)aralyti<‘ <‘as<^ is d(\stru<;l ion of the large nerve cells in the anterior horn 
of (Iu‘, spinal (Mini (l^1g. 287). These (jells give rise to the motor fibers of 
(hc! periplujral ncirviJS and their destruction results in flaccid paralysis. 
Inflammation in Hkj n^gion al-ta<!k(id is evidenced by congestion, cellular 
infiltration of (be grey mat(.<T of the (jord, perivascular cellular infiltration 
(illusl,rat(j(l for another neurotropic virus infection in Fig. 234), and phago- 
(‘ytosis of th<j n(‘<;rot,i(‘ motor colls (ncuroriophagia). 

The Virus.— Landst.eiiuvr and Popper were able to transmit the dis- 
ease*: to monkeys in ld()8 by inlraperitoneal inoculation of spinal cord 
from a fatal case. RIkjsuh monkeys (Mfacaca malatla) have been used to 
IIhj gr<jat(jst extent and are uniformly susceptible to established strains 
inj<HJt<jd intracjercjbrally, but infection by other routes is somewhat irregu- 
lar. S(wc:ral otluu- sp(Ha(JS may ho infected also, and by other routes; Macaca 
cyfiortioltfiia appaiHuilJy sin*pass(js Af. TWildild in susceptibility. JVIarked 
(iifleren(U‘S in viridenxuj betwcMui strains have been noted, and antigenic 
diflenuKHJS are also presenl..^”^ It was (Jarly shown that the causative agent 
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would pass bacterial filters and subsequent observations havii indi<;al<M! 
that it has the usual properties of a li I (-('ruble virus. 

The virus etiolo^ appears to be well established in spi(('. of otn^asional 
reports to the contrary. Streptococci of tluiviridans typ(^ have Iku'u <uill,i- 
vated from poliomyelitis coi'ds from time to tinu" but th(‘S(' an^ fi^cuKU’ally 
assumed to be contaminants since the lialaneo ol ('vidtauu^ do('s not support 
any etiological relation between them and the dis(^as{\ 

Susceptibility of Rodents.— In spite of repeated attempts to inh'ct otlna* 
laboratory animals, monkeys remained for sonu^ time lluM>nly sus(U'pt ibi(' 
host besides man. In 1939 Arms trough r<n>or(.e<I that, a strain of polio- 
myelitis virus (Lansing strain) which had Ix'cm (‘st.ablislu'd in monkc'ys, 
would produce flaccid paralysis in cotton rats (Siginodon hispidiis hispidiis) 
and could be transmitted from rat to rat by ino(aiIation of brain tissues 
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Fig. 235. — ^The seasonal incidence of poliomyelitis. Averages of reported (tastes by months 
for the years 1930 to 1938 inclusive. Data from Supplements to Public Health 

Passage to laboratory mice was then successfully attemptcKi and tluj 
mouse-established strain has proved of considerable value in invtmtigationB 
of this virus. Many attempts have been made to establish otiu^r monkery 
strains in rodents but success has been reported in only a 

Physical Properties . — The virus of poliomyelitis has been d(w<aib(Hl as 
one of the smallest, its size lying between 8 and 12 m/x wlien deb^rrnim'.d by 
differential filtration. This method assumes, however, that the particle 
under measurement is essentially spherical in shape. Tlu^re is a possibility 
that the virus of poliomyelitis is cylindrical or filamentous in form with 
the smaller dimension being 12 to 15 mg and the other mucJi greater. 
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lias <l(‘s<u‘ibcd (he isolation of such a component from human 
poli<)iny(di(i(^ stools and IVom the brains of mice infected with the closely 
relal.(ul Idudlm^s virus (p. 852). Both he and Melnicki^^ have observed 
siudi lilanieiits in <H)n(;en(.ra(,cd preparations of virus when viewed with the 
ele(d,ron nucros<‘.()p(‘. llie (act that a similar component can be isolated 
Ironi normal si.cjols (all.hou^h not from normal brain tissue) makes the 
inlerpnd.ation of iJa’ise lindings uncertain. 

'riH^ virus ai^tivit.y of tissue emulsions can be precipitated out with 
(N 114 ) 2^^04 and (H)n(uintra(ed by appropriate procedures. The evidence 
su^j:^(‘hIs that th(^ virus ac^tivity resides in a protein fraction.^®^ Compared 
wilb (‘.erlain ollua's, tlu^ virus of poliomyelitis is relatively stable. It re- 
mains acdivc! ()V(u- a wide range of hydrogen ion concentrations and in the 
pr<‘S(m<^<^ of el.lun*. It is resistant to x-rays and sonic vibrations, but rela- 
tiv(dy sus<^<‘ptibl(‘. (0 heat,, ul(-ra violet light and oxidizing agents. It may 
be s(,or<Kl for long p(u’iods of time in 50 per cent glycerol in the refrigerator, 

()bs<u‘val,ions upon infected monkeys indicate that poliomyelitis virus 
trav(‘Js by way of n(u’v(‘, l,racl,s. This is true in the case of inoculation of 
p(a‘iph(‘ral nerves as well as within the central nervous system in which 
migration of virus has bcMui traced both by animal test of various tissues 
and l>y Insl.ologic^alo hservations. 

Poliomyelitis occurs both sporadically and epi- 
<l(aui<udly and is most (common in the late summer and early autumn 
(Fig. 285). Peaks of high incidence in the U. S. have occurred in 1916, 
1931 and in I9 t3 wlum 12,429 cases were reported. In California, the state 
r(’!j)orl.ing the gn^al.c^st number of cases in 1943, the case incidence reached 
38.8 per 1 00 , ()()() inhabil-ants. The reported case fatality, although varying 
in diilerinit outbreaks, has in general declined since epidemics were first 
obs<u’V(Kl. 44118 is du(i at least in part to increased recognition of mild non- 
pa raly lie mmn whi(ih, of tiourse, inllucnces also the figures for morbidity and 
per<uml.ag<^ of paralyti(‘< (uises. The case-fatality figures for certain epi- 
demic*. y<‘ars in Massachusetts^^® are: 1916, 23.5 per cent; 1927, 14.2 per 
cent; 1935, 4.4 per cent. 

Tmn.snuH.slon.' The mode of transmission of this disease is uncertain. 
The (Mirly <‘r)i(l(‘.miologi<*.al observations suggested that transmission takes 
place by conta(d, with <‘.ases and carriers, and it was supposed that the 
appear respiratory tra(d, is the portal of entry and exit of the virus. The 
finding of virus in nasopharyngeal washings of cases and contacts,^®^ as 
well as varions observations on the experimental monkey disease, sup- 
ports tliis tlKH)ry. A number of investigators^®® have found in monkeys 
that th(^ virus, aftc^r being dropped into the nasal cavity, migrates to the 
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olfactory bulbs via olfactory nerve, then to tlie brain slam b^y wiiy of cen- 
tral olfactory connect ions, and eventually to tlie spinal cord. Its journ(\v 
through the olfactory bulbs is marked by histologi<“al (‘hang(\s vvhit^h s(n*v(‘ 
to indicate its passage. But w'hen the olfacdory bulbs of hurtuui <‘jns<\s \v<‘r(‘ 
examined no consistent evidence was found that, t,h<‘ viruvs us(‘<l this path- 
way in man. However, this fad, does not. nullily th(‘ f)ossibl<» signih(;ance 
of virus in the throat. \ re(‘ent study‘‘*‘> with improvc'd te(‘hni(|u<^ Reports 
the isolation of virus in seven attempts out of r()url<Hui from t lu' orof)harynx 
and tonsillar regions of patients. Using the highly snscc^ptibh' (‘ynornolgus 
monkey, inrection has betm produced by non-trauma tic ai)pIication of 
the virus to the nose and throat by various pro(!edur<\s.‘“‘‘'’ ,\dd<'d (wid{m(-<» 
that virus may be present in the throat is found in tlu* signiti(‘ant <u>rnv 
lation between cases of bulbar poliomyelit is arul t()nsill<‘<‘t<)my pcrfornuKl 
during epidemics. Apparently the virus (ml,(n’s l,hrough t.lu' wound and 



Fig. 236- — Section through the anterior horn of the .spinal cord of a normal monk<*y* d’his 
is for comparison with Fig. 237. Tfomaloxylin and (‘osin; X 

goes directly to the brain stem by way of the mu’vc^s suf)plying th<^ trauma- 
tized region. 

Epidemiologic studies on small outbreaks in r(K‘(mt yc^ars hav(^ giv<m 
evidence that contact with infected cases orcarricu's was th(^ m<M\ns of trans- 
mission, and virus has been found in the fec.es of sii<‘h healtliy (‘urri(n’s 
(vide infra). 

The seasonal incidence of cases has suggested that. ins('(d.s may play a 
i'61e in transmission. Although the stable fly, Slonioxys ralciirans\ was at 
one time incriminated on the basis of successful trausmission <v\p(M'im(uits, 
repetitions of the cxperimenls produced negative r(^sults. AtUunpls to infe(d, 
lice, fleas and several species of mosquitoes with laboratory strains have 
been unsuccessful although the virus was onc(i r(‘.cov(u*(^d from bcnlhugs 

Howe, et at: Proc. Soc, Exp. Biol. Med., 1914, 

200 Faber, Silverberg and Dong: Jour. Exp. Med., 1943, 7^; 199, 

201 Piszczek, et at: Jour. Amer. Med- Assoc., 1941, /f7;1962; McClure and I’urigimiir: 
Amer, Jour. Hyg., 1942, ,?5.'285. 
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s(^v(Mi days a( Uu” /(HHliiig'. J a L9 (1 several successfai attempts to demonstrate 
virus in lli(^s <‘,au^j^ht in epidemic areas were reported.-^^ These were largely 
hjovv(li(‘s, h()us(^(Iies and similar types. Whether Hies play a sigiiilicant 
rol(^ in th<^ <iissemlnati()n and transmission ol* this virus is not yet apparent 
but tlie <)l)s<a'ved facets are entirely compatible with the theory that the 
alim(mlary (^anal is the portal ot* entry and exit {vide infra). 

1 1, has hecm established in recent years that the virus is present in the 
slools ()1 patiimts and liealthy contacts, and in sewage from areas where 
tlu^ dis<^as(^ is pr<\s(mt.‘“<’-^ Virus was demonstrated in the tissues of the 
pliarynx and iltuirn in fatal human cases but rarely from other tissues ex- 
<H'.pt th<)S(^ ()l (he lua'vous system.-”-^ Mxperiments with cynomolgus mon- 
k(‘ys also giv<^ (;vid<‘.nee that (he virus attacks the pharyngeal and intestinal 
wall primarily, multiplying tlune and extending to the central nervous 
sys(,<mi via autonomic; nerves.-*’^ 



237." "“S<;<;tiou through lh(! aut(;rior horn of the spinal cord of a monkey paralyzed 
with poHoinyc^IitiH. Di^strucition of large anterior horn cells has occurred and neuro- 
nophagia of the d<d)nH is apparent. Compare with the normal spinal cord of Fig. 236. 
IIcHiiatoxylin and c^osin; X 125. 


ddn; pr(‘sen<u; of virus in sewage represents a potential source of cou- 
tamination of wal(;r supplies, and the existing reports on the subject sug- 
gest that p()Ii()rtiy<‘litis virus is less readily removed from contaminated 
wa(.(;rs than an; ba(!tcrial pathogens. Actually, however, epidemics of 
poliomy(ditis do not have the characteristics of water-borne epidemics 
and it seems unlikely that contaminated water accounts for very many 
<;ases. 

Whatever the; signifkumce of virus in the stools, in relation to patho- 
getu^sis of th (5 dis(;as(; in man, it is clear that this source of virus must be 
taken into eonsideratiori in any general control measures. 

IVask, t>aul aud Melnick: Jour. Exp. Med., 1943, 77:531. 

Trask, Paul and Vignec: Jour. Exp. Med., 1940, 7^:751; Paul, Trask wad Gard: 
ibid,., p. 765; Gard, ihid.y p. 779. 

Sabin and Ward: Jour. Exp. Med., 1941, 7J;771; 74:519. 

Burnet and Jackson: Australian Jour. Exp. Biol. & Med. Sci., 1940, i^:361. 
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Immunity, — Poliornyc'litLs is an axarnnh* uf a ilinras.' i, 

:althy, well-nourishod host is iu<>n* susn^pf iblr fli.ui 
)urished one (p. 193). The early c'lin.Val i naiLul ♦*i| Vl 

ell-favored childroa wovo usually aUaeked U\ r hi^ J. h 
ith the Lansing niouse-adaphni si rairt arid h ij h Tfi».i|,*j \ m, ^ 
yelitis (p. 852) show that wcdl-rKHirished uiuniaL an* r/f 

to the virus. The first reports of this work iiulhidni ffjip ' ' 3 ‘hhl,. 

vitamin Bi was the factor vospomihh Ihr resisiaora h,if 
gations^oe indicated that an over-all resfricHon in !hi- dirf vuih ^ 

Bi would give similar results. * 

Active Immaniiy.— Second attacks o<‘eur in man and m u 1 ’ 

experimentally in thomonkoy. Consklcriiif' It,.' I..« i„ if 

population of recognizable poliomyclifis, it iH-comrs liilliniit i,, ,t‘. 
statistically that one altai^k ,)r<Klu<-,-s any tnninn.iiv neuiiwi 
When a convalescent monkey is r(>in(Kmlal..(|. .,f il .. 

m the central nervous system with or williout i.arnKsis 
upon how much of the contra! nervous svstemkvns im „cl,. I 7n '‘ 
first inoculation and whether a (lilfenmt slniin of w,,,h „ *^"* '*"''*« *•'« 

second exposure. It has heen demon.straleil f|,„t ***'^ 

5?™”™“°'' 

Virus neutralizing substances liave been fo,„„t , 

cases (human and monkey) and also in (he hlLl of n 7 "‘T"'.-''''"’ 

proportion of persons with no history of (I,.- <lis..,.s,. T •'"''f” 

evidence of widespread subolinieal inft.etion. 'fhe in.'uliT, “r ’"S'-" 
sera by age groups is compatible with tin's Iheorv i . 
neutralizing sera increasing with age in inii.-l'i 'd h'’'‘'''''hige o( jM.sitivR 
Schich test in unimmunized populations Oft,,. ■ ‘"i”'*'"'' »fie 

have made the significance of the neXlh ^ J".wever. 

Some workers have found a considerable proi«,Hido'’'r‘' '' 

convalescent sera devoid of this pronertd ah * i "*"''*o'.v mid human 
izing serum present at the onset of an attack ‘t '“’'‘•■ral- 

this connection that the neulralizttlion (,«st "T* '''■‘"'’'“l''•reti in 

only very crudely quantitative and bee, ttise he'd, "t"."-' i** 

m different laboratories, optimum C(,nditions f,.. 

neutralizing property have certainly not alw vV, '*''»«>'>*‘tr«tiou of 

antipnic differences between strains rnav 

results.^"* The specificity of the neutralfzi ^ > f'"’ '"•gntive 

by others who declare that the serum acqm'res “ doubted 

as a result of normal physiological maturltk,. l>''''IHTties 

lation of monkeys and man subcutamoS w if " i-UKm- 

increase m serum titer. ” “ctiv,? vines rc.sulls in an 

1944 7 ». 22 ,. ,, 

-Howe'andBodian.-JourExpMed lo ' »««■■ 

-•stimpevt ai.d Keaael: Araei. Jour. stseo,. 
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Active Irnmariization. — Experiments with monkeys have shown that 
crude virus or preparations treated in various ways will induce an immu- 
nolofjficiul response when given by intradermal, subcutaneous or intra- 
muscular routes. Only an occasional monkey succumbs to the disease from 
this proc<idure, and serum antibody appears in the survivors. There are 
claims that such injections render the monkeys resistant to inoculation of 
the virus into the central nervous system. Others have found that such 
nionkeys remained susceptible to intranasal or intracerebral inoculation.^®® 
The production ol xieutralizing serum after artificial immunization of mon- 
key ys by the procedures that have been tried therefore does not have the 
same signilix'.ance as it does in the case of some other infections, e.g. equine 
en(‘ephalomyelitis (p. 838). Attempts to immunize children were made with 
two t ypes of preparation in 1935 and the evidence seems clear that there 
wert*! twelve cases of poliomyelitis induced in children by the inoculation 
of viiccine (containing active virus.^^® Studies on the serum of inoculated 
(children faiUid to indicate clearly that inactivated vaccine induced an 
immunological response, and the use of these preparations was soon dis- 
(u>ntinu(!!d. 

Hexxmt reports^^^ of experiments using rodent strains of poliomyelitis 
ndicat(^ that exposure of virus emulsions to ultraviolet light destroys the 
infec'.tivity but prcwscrves the antigenicity. Most mice were protected against 
hundnuls or thousands of MLD’s by previous injections with such vac- 

/ Passive Immiinizaiion, — Attempts to prevent poliomyelitis in monkeys 
by prophyla(jti(5 inotailation of convalescent or immune serum, or to modify 
(h(^ infection by treatment with serum after injection of the virus have 
been almost entirely unsuccessful. The intracellular habitat of the virus 
has usually been olfered as the reason for the failure of immune serum, 
present as the rc^sult of either active or passive immunization, to arrest 
the progn^ss of Ifie disease in monkeys. Furthermore, direct contact with 
(Hsntral ru^rvous tissue alforded by intracerebral inoculation, and with 
olfacd.ory ruxrve endings by intranasal inoculation, allows the virus to 
n^ac^h susc(^ptihl(^ (lells without being exposed to antibodies present in the 
sea’um. 

Th(i su(’-cessful treatment in experimental animals of another neuro- 
trof)i(', virus infection (equine encephalomyelitis, p. 838) makes it question- 
abl<5, howev(a:, whether this is the correct explanation. This whole question 
ruxuls reexamination in the light of our more recent hypotheses regarding 
the palhogtiuosis of poliomyelitis. In spite of the negative experiments 
with moxikeys convalescent serum has been used for the treatment of 
human cases. Various controlled observations fail to show any value in 
serum tre^atment. 

A non-8pe(;ific prophylactic measure which appeared hopeful for a time 

Kramer, el aL: Jour. Immuuok, 1937, 3i:l67, 183, 191, 199; Olitsky and Cox: 
Jour. Exp. Med., 1936, 6’,?:109; Gordon, Hudson and Harrison, 1939, ^4:241. 

Leake: Jour, Amer. Med. Assn., 1935, f05;2152. 

McKinstry and Heading: Jour. Franklin Inst., 1944, 257:71; Milzer, Oppenheimer 
and Levinson: Jour. Amer. Med. Assoc., 1944, t25:704. 
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consisted of the application of zinc sulfate to the ol/actory iniKXKsa. I'his 
rested upon the theory that virus enters in man via the olfactory nerve 
endings. Application of zinc sulfate, as well as certain other elnanicals, 
to the olfactory mucosa of monkeys served to prote(‘,t them IciinjKU'arily 
from nasally instilled virus. Field trials^^^ in man were diHappoinlhig, and 
it was found that a satisfactory application of tlu‘. clumueal tnay n^sult, in 
severe damage to the olfactory mucosa. 

Enceplaalojiayelitis of Mice. — In 1934 Tlieiler-^'^ reporUni tlu^ rt'eovau’y 
from the intestines of normal laboratory mice of a lanirolropici virtjs with 
many characteristics of the strains of poliomyelitis isolaUnl from man. 
Others have confirmed this discovery and tlie vStrain is sometim(‘s ailed 
“mouse poliomyelitis,” but it should not be confused with tln^ rcKhaU- 
adapted strains of poliomyelitis which originated in man. It is immuno- 
logically different than the Lansing rodent-adapted sl.rain and is nof. in- 
fective for rhesus monkeys. 

RABIES (HYDROPHOBIA) 

Although the virus of rabies has a broad host ranges, all mammals and 
some birds being considered susceptible, rabies is primarily a diH(*as<^ of 
dogs, cats and wild carnivores. The bites of these animals ac(u>unt for most 
cases in other mammals and in man,^^^ the virus being pn^senl, in saliva 
of rabid animals. 

The Disease in Dogs. — Rabies in the dog has a variabhi iiamhal ion 
period, cases occurring from ten days to as much as a y(^ar after exposure. 
Almost half of the cases, however, have an incubation pcu'iod of less fJian 
thirty days. In the initial stages the dog may show behavior chang(\s and a 
perverted appetite. A period of increasing ex(iitability may mainf<\st ils(4f 
first by signs of uneasiness and restlessness, progrcwssing to a slagt^ wluire 
the dog runs aimlessly about, snapping at objects in its path or r(jsf)()n(iing 
with the greatest excitement and fury (furious rabies) to minimal stimuli. 
Beginning paralysis results in drooling of saliva due to inability to swallow, 
or the gait may be abnormal. As paralysis increases the dog h<Mu)nH»s in- 
active and stuporous (dumb rabies) and death occurs. 

The Virus. — Virus is present in the central nervous system of afieidxxl 
animals, in the salivary glands and saliva, and incionstantly in otlusr glands 
and in the blood. During the incubation period the dog is not itifex^ious, 
i.e., virus is not present in the saliva, until a few days (two to <jight) befon^ 
signs of disease appear. Thus a period of observation of ten to fourt,een 
days is sufficient after a dog has bitten to determine whether it was infeci- 
tious at the time of biting. If signs of rabies do not occur within this period 
it is safe to conclude that no virus was present in the saliva at tine time of 
biting. 

Fixed Virus . — ^The production of “fixed virus,” a term applanl by Pasteur 
to virus that is so exalted in virulence for rabbits by successive intracerebral 

212 Tisdall, et ah: Canadian Pub. Health Jour., 1937, 2^:523. 

*13 Cf, Theiler: Jour. Exp. Med., 1937, <J5.*705. 

21* McKendrick: Bulletin of the Health Organization, League of Nations, 1940, 9:31. 
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passages that it will produce the death of these animals in six or seven 
days, is one of the classical examples of variation of a virus (p. 796). 

The virus of rabies is one of the larger viruses and is passed through 
bacteria-retainihg filters only with difficulty. It has been propagated in 
tissue culture^^® and in the chick embryo.^^® It is said to be quickly des- 
troyed when exposed to air and sunlight; drying from the frozen state pre- 
serves it for long periods. It is destroyed by many chemical disinfectants 
but is apparently sufficiently resistant to ether to allow this reagent to be 
listed for the destruction of bacteria in putrefying brain tissue to be tested 
for the presence of virus.^^’' 

Transmission to Man.^ — It is very difficult to estimate the percentage 
of persons who, not receiving specific prophylaxis, develop rabies after the 
bite of a rabid animal. The figure is probably in the vicinity of 25 per cent, 
but the likelihood of rabies developing in a given individual depends upon 
several factors. A severe wound is more liable to result in infection tha,n a 
superficial one, but contact of saliva with freshly abraded skin is usually 
regarded as potentially dangerous. Bites made through heavy clothing 
are less likely to be followed by rabies than those on bare skin. Virus de- 
posil.tKl at tlic site of a bite reaches the central nervous system by migration 
along peripheral nerves. This mechanism of pathogenesis doubtless ac- 
counts for the relation between site of the bite and length of incubation 
period, which is longer with bites upon the extremities presumably be- 
cause the virus has further to travel. The incubation period in man averages 
six to eight weeks but varies considerably and may be less than a month 
in the case of bites about the head and neck. Delay in beginning treat- 
ment iticreases the likelihood of a fatal outcome and this is especially true 
following bites about the head.^^^ 

Laboratory Diagnosis. — Inflammatory and degenerative changes have 
been described in the central nervous system of rabid animals, especially 
in the spinal ganglia, but the most significant effect is the appearance of 
inclusion bodies named for Negri, who first described them. Although 
there is no agreement concerning the essential nature of these bodies they 
have served as a valuable aid in the diagnosis of the disease. They are 
usually present in the brains of animals dying from infection with “street 
virus,” but are tiot found in the brains of rabbits infected with “fixed virus.” 
11118 is ascribed to tlieir failure of development during the shorter incuba- 
tion period of the latter infection. Smears of brain tissue, or “touch” prep- 
arations made by application of a slide to the cut surface of the brain, 
especially the hippocampus major and the cerebellum, are recommended for 
the detection of Negri bodies (Fig. 238). These may be stained by any one 
of several methods; that of Sellers^i® appears to have some advantages over 
previous metliods. Negri bodies are acidophilic masses, usually spherical or 
oval in shape, lying within the cytoplasm of large ganglion cells (Fig. 221). 

216 Webster and Glow: Jour. Exp. Med., 1937, d6:131. 

2*^® Dawson: Science, 1939, 59:300. 

Sulkin and Nagle: Jour. Lab. Clin. Med., 1939, 25:94. 

Negri: Ztschr. f. Hyg., 1903, 45:507. 

Sellers: Araer. Jour. Pub. Health, 1927, 17:1080. 
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An internal structure can oixen be seen consisting of basophilic chnnents 
within the acidophilic ground substance. Since Negri bodies are not always 
demons treible in brains later proved to contain rabies virus (Leach"^" re- 
ports that 12 per cent of brains negative for Negri bodies proved to be posi- 
tive by animal inoculation), the laboratory diagnosis of rabies also involves 
inoculation of brain tissue into animals. Rabbits or guinea pigs have been 
used in the past, but there seems to be a distinct advantage in the use of 
mice, which have been shown to be regularly susceptible to intracerebral 
inoculation. After inoculation with rabies-positive brain material most 
mice die within ten to twelve days and Negri bodies can be detnonsl.rated 
in some cases as early as the fifth or sixth day after inoculation.*^'’ 



Fig. 238. — Negri bodies in smear from infected dog brains. Sellers stain (p. 853). 
Photomicrographs a and b were taken with a filter to bring out th<i granular nature of 
the incluaions, and c, d, and e similarly to contrast with the tissue cells. Rtsduced from 
the following magnification: a and b: X 1900, c, d, e: X 800. (From slidi^s supplied 
through the courtesy of Dr. Joseph Zichia.) 

Rabies Prophylaxis. — Pasteur’s original method of rabies propliylaxis 
was to inoculate the exposed person daily with emulsions of rabbit spinal 
cord, beginning with cord which had been dried for fourteen days and 
gradually increasing the strength of the dose by using cords which had been 
dried for shorter and shorter periods. Other methods of using gradually 
increasing doses of active virus have been introduced as well as the use of 
virus inactivated by various agents (phenol, chloroform, ether, yatren, 
dialysis against distilled water, heat, ultraviolet light, antiserum). The 
commonly used Semple vaccine, inactivated by phenol, is injected daily 

*20 Leach: Amer. Jour. Pub. Health, 1938, 28:162; see also Willett and Sulkin: Jour, 
Amer. Vet. Med. Assn., 1939, 95:659. 

2®^ Cf. Kelseri The Epidemiology and Prophylaxis of Babies, pp. 642-660,^ 
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for fourteen days. Similar preparations are used in the immunization of 
dogs. 

Webs ter, 222 in a survey of the field, found that there was little satisfactory 
experimental evidence regarding the relative efficacy of these various 
preparations. This is evidently due to the difficulty of obtaining a regular 
response in animals to a test dose. By means of a mouse test^^^ which ap- 
parently overcomes this difficulty and runs parallel to satisfactory tests 
in dogs, Webster has found evidence that chloroform-treated vaccines may 
be far superior to the phenolized. A mouse test^^^ for testing rabies vac- 
cines is now recommended by the National Institute of Health. A vaccine 
prepared by short exposure of virus emulsion to ultraviolet light of high 
intensity has given evidence^^^ of a much greater immunizing ability than 
the phenolized vaccines compared with it. 

So-called paralytic accidents, of obscure etiology, sometimes follow pro- 
phylaxis against rabies. These occurred at the rate of 1 in 7250 treatments 
at the Pasteur Institutes^^^ and there were 7 deaths in 42 cases. This con- 
dition, allliough rare, is a sufficient hazard to avoid giving prophylaxis to 
persons who have had no real exposure, either to allay their fears or to 
“play safe.” 

Siruje nearly all cases of rabies in man are due to the bite of rabid dogs 
it is of the utmost importance to check the spread of the disease in these 
animals and to reduce the incidence of dog bites. The difficulties of this 
problem and attempts at solution in New York City are discussed by 
O lose 0 . 22 '^ 

OTHER VIRUS INFECTIONS OF MAN 

Molluscum Contagiosum. — This is a contagious disease character- 
iz(Kl by superficial benign epithelial tumors of the skin of pearl-like appeai- 
an<*,e and witli a small central depression. The filterability of the active 
agent jjppears to be established and histological study^^^ indicates that 
th(5 (jharactcristic inclusion body is composed of elementary bodies in the 
same manner as those of fowlpox, etc. No susceptible experimental animal 
has b(jcn found. 

War 18.227 — Benign epithelial tumors of several species of animals are 
known to be filterable. Infectious papillomas of rabbits have been men- 
tioned in connection with other filterable tumors (p. 782). Papillomas of 
dogs and cattle, and warts (verruca vulgaris) of man are reported to be 
filterable. Warts of various kinds contain intranuclear inclusion bodies. 

Chickenpox (Varicella) and Herpes Zoster. — ^These are regarded as 
due to virus agents although the evidence is not complete. Chickenpox 
is a highly infectious disease of children, usually mild in nature, and char- 
acterized by a vesicular eruption. No suitable experimental animal has 

Webster: Amer. Jour. Hyg., 1939, 50:113. 

Webster: Jour. Exp. Med., 1939, 70:87; Webster and Casals: ibid.., 1940, 71:719. 

*2* Habel: Pab. Health Reports, 1940, 55:1473. 

Oleson: Pub. Health Repts., 1935, 50:1087. 

Goodpasture and King: Amer. Jour. Path., 1927, 5:385. 

2^7 Findlay: Chap. 18 (p. 252), A System of Bacteriology, Vol. 7. H. M. Stationery 
Oftice. London. 1930. 
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been found, so Lliat iiivestigaLion has been luuidic^apfx^d. l^dt^nieiUary 
bodies, agglutinable in convalescent’s serum, are pn^scait in v(\sicle fluid and 
are regarded as the etiological agent. 

Herpes zoster' manifests itself by the appearance of dcn inai vtvsicf^s whicfi 
follow the distribution of one or more sensory, ciitan(H)iLs ntn*V(^s, usually 
of the torso. Animal experiments with this infection have Iik<Hvis<^ lanm 
negative, although human transmission has been a(‘(‘,omplish(ul. (Comple- 
ment fixation with convalescent serum has been reportcMl, using <a*usf,s of 
the dried lesions or vesicle fluid as antigen. Pas(^li<m in 1933 (h^scaihed llu* 
presence of elementary bodies in the vesicles. 

Although these two maladies have little in common (*JinicaIIy, an epi- 
demiological association between the two has been rioted for many yrnrrs. 
Herpes zoster may appear in a person following (jontacd, with a <tase of 
chickenpox, but more often cases of the latter have be<m seem to follow 
contact with herpes zoster. Evidence to explain this assenaation has r<v 
cently been found in the laboratory. It is claimed (hat antigtms made 
from the lesions of either disease will fix complermmt in tlu^ pnisraua^ of 
convalescent’s serum from either herpes zoster or varicrdla. Aini(\H“'^“ mn- 
ployed an agglutination technique with pure suspensions of tiui ehunentary 
bodies of both diseases against convalescent’s s(ii’a from both Hoxircm, 
Some cross-agglutination was obtained but the reac^tions wer<i not so good 
as with homologous serum and elementary bodies. The r’<^sirlts wer'c; inUu'- 
preted as showing a degree of antigenic similarity b(^tw(um (.h(^ two ag(‘nts. 

Epidemic Keratoconjunctivitis. — During 19 f I and 1912 oul.breaks 
of this eye infection made their appearance in. the United SlaU^s following 
probable importation of the disease from Hawaii. Althougli (Kuuirring in 
large numbers in shipyard workers on the West (hiast,-^^^ this featun^ ap- 
parently has no relation to etiology. The diseasci is (‘haracibu'ized by a high 
degree of infectiousness, relatively little ocular exudate, fn^cpient swcdlirig 
of the regional lymph nodes, and systemic symptoms, espcKually h(‘ada<‘lH\ 
The incidence of complications producing impairment t of vision has Ixnm 
variable. Sanders^^^^ successfully isolated a filterabks agent in tissues <ailt.un^ 
in 1942 and was later able to infect mkje. The demonslratiori of larntralizing 
antibody for this agent in convalescent human sorn and the production 
of a mild case in a human volunteer with cultured virus, fulfilling Ko<4i’s 
third postulate, provide good evidence that tlie agent isolated is th<^ cause; 
of the disease. 

Animal Viruses Transmissible to Man. — In the foregoing studious 
several virus diseases primarily of animals but also alfee-ting man, have 
been discussed (ecfuine encephalomyelitis, rabicis, looping ill, B virus, 
psittacosis and others). Investigation of other viruses indi(;ates that animal 
reservoirs are probably significant (yellow fever, lympho(‘yti(‘ (tlioriormm- 
ingitis, St. Louis encephalitis). 

Rift Valley fever is a disease of sheep and cattle present in East Africa, 
probably mosquito-borne. Cases have been noted in sheiipherders during 

^28 A.mies; Brit. Jour. Exp. Path., 1934, f5.'314. 

®2»Rieke: Jour. Amer. Med. Assn., 1912. 1i9:9V2, 

Sanders: Jour. Exp. Med., 1943, 77:71. 
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epi/oolics and several laboratory infections have occurred. It is described 
as an irdluenza-like or dengue-like disease and the virus is present in the 
blood. Neutralization tests with the sera of natives and Europeans in Africa 
indicate that the infection is not confined to Kenya, where it was first 
described, but is present also in other parts of East Africa. 

dlie virus Joot-and’-mouth disease of cattle is apparently able to attack 
inmi. Although many cases have been suspected, only a few have been def- 
inibdy proved by animal inoculation and examination of serum after 
re(!overy. The characteristic lesion in animals is a vesicle upon the skin 
or rruKious membranes, and in the proved cases in man transient Vesicles 
w(U'(; pr(^8ent upon the hands and feet. 

231 Pran<*.ia and Jour. Exp. Med., 1935, ^5:133. 



CHAPTER 38 


BACTERIOPHAGE 

Transmissible lysis of bacteria was discovered by Twort* in PH 5 and 
discovered by d’Herelle^ in 1917, and is generally known as l\m Twori- 
d'Herelle phenomenon. The lytic agent which brings about dissolulion 
of the bacterial cells is known bacteriophage or, nu)r(^ brhdiy, as phage. 
The lysis is transmissible indehnitely in series, and Hui lytic ag<‘nt is 
filterable through the usual bacteria-proof diaionuKUHHis (nirth filbu’s. dlie! 
resemblance of this transmissible lysis of bac^Uula to (h(i virus diHeas<‘s is 
striking, and the Twort-dTIerelle phenomenon may not unnMisonably he. 
regarded as a filterable virus disease of bacteria and lh(^ phage as the virus. 

Since its discovery this phenomenon has becni inUmsivcIy inv<‘s(igat(‘d 
by a great many workers whose findings and in(.(upr(‘t.ations have b(^(m 
summarized in a series of comprehensive reviews by d’lbu’elle,^'^'® Bordest,® 
Bronfenbrenner,'^’® Hadley,^ BurneP®’^^ and Delbru(‘kd''^ Pn^srsni knowledge 
of bacteriophage may be considered only briefly heni. 

Demonstration, of Bacteriophagy . — Bacteriophage niay b<^ separat(‘d 
from contaminating microorganisms by filtration through Berk<‘r(dd N or 
similar filters. When a drop of the phage-containing filtrate is added to a 
young broth culture of susceptible bacteria, witliin an hour or two the 
culture clears, few if any bacteria can be found on nii(‘ros(‘opi(' Cixamina- 
tion, and those which are present may be the poorly staining “ghost (udlsf* 
The lysed culture may be filtered and, with the addition of the filtrate to 
a fresh young broth culture, the phenomenon is repeated and may be 
continued indefinitely. 

Bacteriophage may be found in a variety of places in nature, notably 
feces and sewage. Filtrates from fecal suspensions or sewage do not always 
show pronounced ly tic activity per se, but if the bacterial (julture to which 

^ Twort: Lancet, 1915, iiVl241. 

2 d’Herelle: Gompt. Rend. Acad. Sci., 1917, fd5:373. 

3 d'Herelle: Le Bacteriophage, son rdle dans VimmuniU. MasBon et Cia. Paris. 1921. 
EngHsh trans., Williams & Wilkins Company. Baltimore. 1922. 

d’Herelle: Le Bacteriophage et son Comporlement. Masson et Cie. Paris. 1926. hkiglish 
trans., Williams & Wilkins Company. Baltimore. 1926. 

^ d’HereUe: Bacteriophage and its Clinical Applications. Charles G Thomas, Spring- 
Qeld. 1930. 

® Bordet: Ann. Inst. Pasteur, 1925, ^9:717. 

Bronfenbreimer: Virus Diseases of Bacteria — Bacteriophagy: Chapter X in Rivers: 
Filterable Viruses. Williams & Wilkins Company. Baltimore, 1928. 

® Bronfenbrenner: The Bacteriophage: Chapter XL in Jordan and Falk: Netmr KnmcL 
edge of Bacteriology and Immunology. University of Chicago Press. Chicago, 1928, 

® Hadley: Jour. Inf. Dis., 1928, 42:26Z. 

Burnet: Jour. Path. Bact., 1930, 2J:647. 

Burnet: Biol. Rev., 1934, 9:332. 

Delbriick: Advances in Enzymology, 1942, 2.T. 
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l,he (iltralo has been added is filtered in turn, and a drop of that filtrate 
added lo a fresh broth culture, etc., complete lysis will appear after a few 
such “Iraiislers.” Filtrates from lysed cultures are generally of high potency 
and may be diluted to 1:10® or 1:10^® and still bring about lysis in 1 cc. 
quan titles. 

The lytic activity of bacteriophage may also be shown on semisolid 
media. If the surface of nutrient agar upon which there is a uniform growth 
of young bacterial culture is streaked with an inoculating needle which has 
been dipped in phage, clearing of the culture along the needle tract becomes 
appannit within a few hours. If similar bacterial cultures in Petri dishes 
ar(^ (U)v<n’(Kl with successive dilutions of phage, there will be clearing over 
the (ml.ire surfac^e in the lower dilutions, more dilute phage produces a 
motli-eat(in app<^aran(^<% and highly diluted phage produces discrete cleared 
an^as in th<i bacterial growth. These cleared areas, or plaqaeSy are analogous 
to hac.t(n'ial colotiies and the phage may be picked from such “colonies” by 




Fig. 239. —Bacteriophage particles of a coliphage. Note the“ tails.” Electron micrograph; 

X 24000 (Luria and Anderson). 

toucdiing with an inoculating needle and transferring to a fresh young 
culture of susceptible bacteria. The plaques are variable in size but con- 
stant for a given strain of phage; some phages are “large plaque phages” 
and otlKjrs are “small plaque phages.” 

Characteristics of Bacteriophage. — ^That bacteriophage is partic- 
ulate is indicated by the formation of plaques, and quantitative studies 
have shown that the number of plaques decreases in linear relation to 
increasingly higher dilutions of phage-containing filtrates. Similarly, if 
equal amounts of phage diluted to almost the limit of activity are distrib- 
uted in a series of bacterial cultures, the proportion of tubes showing 
lysis is what would be expected if the lytic agent were particulate. Phage, 
then, does not exist in true solution. The size of the particles has been meas- 
ured by filtration through gradocol membranes and by high-speed centri- 
fugation. Pure phages are found to be highly uniform in size; different 
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phages range in cotUimions scnies IVoin 8 lo 12 nig to oi) to 75 ing in Oiani- 
eter. Exainination o(‘ electron niic-rographs oi' pliag(^ and pliag(‘ l>sis has 
shown that some phage particles tend to bc! cubi<‘al in shap(\ whilr^ others 
are round and in some cases arc characteriztal by tla^ pn^siauH^ of a “lail/’ 
giving an appearance somewhat similar to spermal.ozoa.'-* (Fig* 239.) 

MiiUlpUcation. — Becuuise (lu^ activity is indc^linitt'ly ( ransmissible in 
series, it will be (‘3ear that the j)hage partic^les in(‘r(‘as(‘ in nmnb(n% ami it 
may bc observed that this incrcuise is <*oinci(l(mtal wilh Ihe acl.nal process 
of lysis. Such multiplication occurs, how(^v(n*, only al. tlu^ (‘xpimsc of living 
bacterial cells; phage will not iruax^ase in absence of susei'pl ibh' ba<‘ttn‘ia 
nor in tlie presence of dead ba(9.eria, though il, may Ix^shoun that phag(‘ is 
absorbed by the dead cells of the sus(^(^ptil)le ba<‘.t(‘rial sp(‘(‘i(*s. 1 1 is getan-ally 
agreed that multiplication of phage recpiires the pr('S(‘ne<^ of \oung, aetiv<‘Iy 
growing and metabolizing b(»c-t(uia; it does not oe<Mir lo any gr(*al 
in old cultures or in waslied suspemsions of ‘‘nesting ba(‘t(‘ria'' in non- 
nutritive bufler solutions. 

It was early suggested by d’llenjlle that a phag{^ parti(‘h^ miters a sus- 
ceptible bacterial cell, multiplies and, with tlu^ dissolution o(‘ Ihe a 
considerable number of pardcles are liberated. Siath a pro<‘(\ss has, in fa<*t, 
been observed directly (s(Mi Fig. 241). In k(M^I>ing with this mo(h‘ of multi- 
plication, it is found that the phage (iter in a lysing ('ullun* in<‘reas(‘s in 
steps, jumping from none or I or 2 to 40 to 60 pliag<^ parlidi^s in Ihe (»arly 
stages of lysis. As lysis procHM^ls, howi^ver, flu’s rali^ of inerc^asi^ is observtul 
to become logarithmic,, as might b(‘, exp(Hd.(ul wlum tlu^ indiviihial <‘<»lhdar 
dissolutions get out of step wilJi one anotlun* and thus caiuM'I oul Ihe sfep- 
like chax'actor of the increase. 

SpeciJlcUy . — The bacteriophages speinfii^ in tluiir a<d.ion, /.c., with 

respect to the kind of bactmia that an^ sus(U‘ptibl(^ to lysis. In som<‘ in- 
stances a relatively broad range of activity may be <>bs(n‘v(Hl and mor<^ than 
one species of bacteria may be lysiul by a singh^ {)hag(^; in oth(U‘ leases tint 
activity is highly specific and only a singh^ strain may Ix^ lysed. It has Inum 
shown, largely through the work of Ibirnct, that pliage spcuahiaty is asso- 
ciated with the antigenic structure of the baiduria. ’'fins is indieaUul <lir(M4 ly 
in the case of certain species; those with (‘.ommon somati<‘, anli- 

pns are lysed by a single phage. It is also shown iadir<‘etly in tlu^ spiudlic? 
inhibition of phage lysis. It has been found that extracts of bae.Uu’ial ei^Il 
substance will specifically inhibit lysis; tliosc extra(‘,ts are inaidivabul by 
the homologous antibacterial scrum and a priu^pitin reacdum (xunirs b(‘- 
tween the two. The precipitating antigen is ideidkud with tiu^ phag(^-in- 
hihiting substance, and the specilicity of this substaiuui is chdiumirHul by a 
polysaccharide haptene. This haptene, it may bc noted, is inenhedivi^. in 
purified form. Furthermore, Delbriick and Luria^"^ have shown that if two 
phages specific for the same bacterium are mixed and added lo the bacdcrial 
culture, an interference, presumably competitive, is set up and the (udture 
is lysed by one or the other of the phages. From su(;h experiments it is 

Luria, Delbriick and Anderson: Proc. Nat. Acad. Sci., 1942, 2^:127: Jour. PntU., 
1943, 4d:57. 

Delbriick and Luria: Arch. Biochein., 1942, J;lll, 207. 
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also appanuit Uia(, dill(a<ait phages have difTerent “affinities” for the sus- 
(U'ptil)l(^ ba<’(<a’inrtL 

Metaholisiti.- Sin(‘(^ ])hag'e multiplies only in the presence of actively 
incdaholiviiag l)a(d<a'ia, sludics on the physiologicai activity of phage itself 
di(!i<uil(,. A( t(anpts liave been made, however, to detect evidences of 
l,h<^ nud.aholisni ol phage in the absence of bacteria. Bronfenbreimer was 
unabh^ to (hdncd; tlu^ evolution of carbon dioxide from filtrates containing 
phage in high <ion<Huitra(ion in a specially devised microrespirometer over 
a ptu'iod ol l.<m (lays, and con(;luded that if respiration occurs it must be at 
h^asl. 10,000 (,ini<^s slow(ir Ifian the respiration of bacterial spores. The same 
work<u' show(Hl that, when appropriate corrections were made, the oxygen 
uptak<^ ol lysing (ailtures was not greater than that of control cultures. 
Ol.luu' s(udi<‘s on tlu^ n^dncing power of bacterial cultures have indicated 
I ha I, this ability is not alleiittul in such a way as to indicate a physiological 



210. ' Saeteriam coli and <x>liphage after ten minutes’ incubation. Note the 
a<lKori»t.i<»n of tlu^ plu»g(‘. hodi(iH on th<i surface ()f the bacterial cells. Electron micrograph; 
X 170(M) ('Luria and Amh'rson). 


acd.ivity on th<^ part of the phage. It appears, therefore, that bacterio- 
phages dooH not m(d4d)olii5c to a detectable extent in ordinary ways. 

Ifiuigi^ is but littU'^ more resistant to bactericidal chemicals and physical 
inllmuKu^s smdi as irradiation than the vegetative cells of bacteria. Lytic 
liU raters may be pnvscnwcHl in the refrigerator for a year or more without 
signilh^aut loss of tit<u’, though the activity of such filtrates sliows marked 
d(d.(U’iorati()n wlnni stored at room temperature overlong periods of time. 
Bom(^ phag(iB ar(^ unable to develop in the presence of citrate, i.e., in the 
abs(m(‘,o of (".akdum, but ollu^rs arc^s not so affected. Some phages are inacti- 
valnd by un^a 

Aritlgerilcity,- The phages are antigenic, and tiie sera of aniinals im- 
nmniz(Hl in thc^- usual way with filtrates specifically inhibit the lytic activ- 
ity. Tlu^re is also evidence that the phage particles are agglutinated by 
suiih antisera. The atitisera also contain antibodies to the bacterial sub- 
stance present in filtrates from lysed cultures. Tlie phages are immuno- 
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logically heterogeneous, but a number of distinct groups an^ appnnmt,; 
it is of some interest that members of the same group may bc^ found in 
localities geographically widely separated. 

There appears to be some correlation between immunoIogi(‘al typt^ and 
the ability to develop in the absence of calcium, resist, aiu^e to urea, resist- 
ance to irradiation, etc., in that the phages belonging to one iminunological 
group exhibit much the same response to such ageiUs but may (hflVr widtdy 
in this respect from the more or less hoinogeiKxnis n^sponse of a difb^nmt 
immunological group. As yet there has been no formal (dassiheation of 
the phages, but if such is to be made, it would appeuu' that immunological 
grouping would provide a rational basis. 

The Nature of Phage.— It has been urged by d’Hondh'; from (he Ixv 
ginning that bacteriophage is a minute living organisnu and that (here is 
but one species of this microorganist n which is to be d(^signu(,ed Profobioa 
bacteriophagus or Bader iophagam mtcslinale. Din(U‘(uit ra<x\H or strains of 
phage may be regarded as having arisen as a conse<|n(m(x^ of adaptivt^ 
sponses to environmental influences. A diametrically oppost'd position has 
been taken by Bordet, Bronfenbrenner and others, who have niaintaiiasd 
that the phage is an inanimate ferment-like substance aitalogous, perhaps, 
to lysozyme, but autocatalytic. The adsorption of this ferment on otlu^r 
substances accounts for its apparent particulate nature, A spirit.fxl (*on- 
troversy between the exponents of these views was (tarried on for a number 
of years and then died down, no solution nor (X)rnpromis(^ having Ix^en 
reached. It may be noted that, according to a third tluiory advan<^(ul by 
Hadley and others, phage represents a phase in the lih^ history of thci sus- 
ceptible bacterium and is in the nature of a g(me-like substaiu^e. Idas 
third view has been accepted by only a few. 

There is, then, no generally accepted theory of the nature of bacterio- 
phage, and some form of one view or the other noted above is g<m<‘rally 
supported by individual workers. Whether phage is to be allocuited (,o thc^ 
category of the living or the inanimate is, perhaps, not loo important; at 
least, such division has become unimportant in tlie case of the fllt(5rable 
viruses just as the once-debated plant or animal nature of the bacTeria 
has become unimportant. It is reasonable to assume that the phages are 
filterable viruses since the two agents resemble one another so closely. 
Such an assumption has the advantage of being non-committal, for the 
nature of viruses is also unknown. 

The Mechanism of Lysis. — ^The sequence of events that follows the 
introduction of phage into a culture of susceptible bacteria may be ob- 
served under the microscope. Following the entrance of a phage particle 
the bacterial cell swells, some species to huge proportions and others only 
moderately or perhaps very little. Within a short time, perhaps twenty 
minutes, the swollen cell bursts explosively and disappears, leaving only 
debris visible. Large numbers of phage particles may be seen within the 
swollen cell, and upon its dissolution are liberated into the surrounding 
medium. This process is illustrated in Fig. 241. 

The mechanism of the swelling and lysis is not clear. Bronfenbrenner 
and his co-workers have found evidences of proteolysis occurring during 
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lysis in synthetic media, but the swelling and dissolution of the bacterial 
cells probably eamiot be accounted for on the basis of changes in osmotic 
pressure and imbibition ot water alone; possibly degradation of the struc- 
ture <)1 the ('ell is involved also. It is during the process of swelling that 
rnultipli('ation ol tlu’i phage particles takes place. They have not been seen 
to divid<'!, however, txml tlie way in which the observed numbers arise is 


not known. Krueger and Scribner^® have found evidence of the existence 
of a plurge fuc^cursor in the bacterial cell, and Delbriick and Luria^^ have 
postulat(sd a “key enzyme^' which is associated with phage proliferation. 

E fifed of Phage on Bacteria. — The most obvious effect of phage on 
8usc(^ptibl(i bacteria is, of course, the lysis of the vast majority of the cells. 
Preliminary to lysis, however, there is a stimulation of growth of the 
Krueger aud Scribner: Jour. Gon. Physiol., 1939, 22:699. 


Fig. 2 -“Thi? lyHiH of Hacterium coll by phage, i, Three bacilli showing phage bodies 
inside c<‘.11h (thrcHi hours); X 5000. 2, The same field five minutes later; the phage 
parti<;l(w havci bt^<^n r(d(um(Hl and the bacilli have collapsed. 3, Phage particles free in 
thci incHlium. 4, Uesistant culture growing up in the presence of free phage particles 
( M tirling- ISisenberg) . 
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bacteria; ibis cHecjt is transitory and is V(m‘,v t^<H>n !naslv(‘<l by th(‘ d(‘\ (‘lop- 
ing l^tic process. On conUnued incubation ol‘ tin* lys(‘(l cul{nn‘ tin* low n*- 
sistant ceils rtanaining multiply witli the production ot a rcsistaiit strain 
of bacteria. This resistant strain may nnalt<‘r(‘d in its immunological 
character and beliavior toward other phag(^s arid may diller from tin* 
parent strain only in tliat it is not sus(a‘pt ibh^ to lysis by that particular 
phage. In many (‘,<iscs, though, cliangavs in othm* cliaracir'rist ics may ar^- 
company the acquisition ot rcsistancr^; most (‘ommonly a c<'rtain dt‘gnM‘ 
of roughness is apparrmt in resistant strains (haivaal from smooth panmt 
strains. Phagx^ lysis is a potent method of inducing badxaial variation, 
but the character, l)ioohemi<^al, serological, of tla^ variants (‘annot 

be predicted. 

In this conruxition it is of int-ere^st that a symbiolb^ nvlatirm may exist 
between a phage and a rxisist.anl. baeteritnn. Sin'li a r(‘Iatjonship is not, nn- 



Fig. 242. — Bacteriophage lysis of Bacterium coli; electron micrograph, Lt‘ft, bia^n^rial 
cell immediately after bursting; note the phage bodies and protoplasmie. d(‘.hrtrt t,og(U.h(’!r 
with the intact ccdl; X 12500. Right, ghost cell remaining aft<T lysis; note th<^ phag<^ 
bodies; X 28000 (Luria, Dclbriick and Anderson). 

common, and phage-carrying strains of bacteria arc^ tcu'ined lysof/rnir, "Idie 
classic example of a lysogenic strain is a strain Bade riant eoli isolattid 
by Lisbonne and Carr^re^® and sometimes known as eollr^Ltsbonne. fil- 
trates from broth cultures of this strain would regularly lyse Sliiga dyH(m- 
tery bacilli. The relatively common occurroneo of lys<)g(mi(; strains of 
bacteria may be of considerable significance to ilu^ phenomenon of bao 
terial variation. 

Therapeutic Use of Phage. — dTIcrelle has regarded the presetux} of 
phage as an important factor in recovery from infecH/ious disease and has 
urged its therapeutic administration in a variety of infecd/ious proc^xssexs. 
The evidence does not, however, support the assertion that phag<5 plays 
a part in recovery from infectious disease, and it is probable tJiat it is 
of little or no significance. Phage therapy has been attcmptxKl in a variiity 
Lisbonne and Carr^re: Compt. Rend. Soc. Biol,, 1922, <9^:569. 
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iachidiii^j; itilraveiious injection in septicemia, oral admin- 
istration in (ml, eric infi'ctions such as dysentery, and local application 
on boils and similar sup(‘r(i(‘/ial abscesses, and instillation into the minary 
bladdiu’ in ( ases ol (jystil.is. Idio results have been disappointing, however, 
and it, app<^ars tliat phage therapy is of little value.^’' In some instances in 
whi<‘h favorabU'. in^sults have been observed, equally favorable reactions 
hav(^ IxMUi setainnl with sterile broth or phage-free filtrates of bacterial 
cnltun^s. The IxaH^hc.ial elfects of the latter preparations have been as- 
c'rilxai by some! t,o th(‘. specnfic immunizing action of dissolved bacterial 
(‘(dl subsl.aiHM^ 

CJ. Kru(*K<‘r and Sc'.rihnca*: ,Tour. Amor. Mod. Assn., 1941, ii6:2\6(S, 
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Alkalis, lethal effect of, 64 
Allelocatalysis, 53 
Allergy, 304 
bacterial, 305 
Alloxazine derivatives, 84 
Alnus, nitrogen fixation by, 117 
a-Hemolysis, 179 

Alum precipitated toxoid, 300, 563 
Amboceptor, 259 
Amebae, intestinal, 701—717 
of the mouth, 717 
Amebiasis, 703 
Amebic dysentery, 703 
American blastomycosis, 655 
American suipestifer, 394 
Amino acid decomposition, 110 
Amino acids, anaerobic oxidative deamina- 
tion, 111 

assimilation of, 119 
decarboxylation of, 111 
decomposition of, 110 
desaturation of, 111 
essential for growth, 119 
formation of hydrogen from, 111 
hydrolytic decomposition of, 110 
oxidative deamination of. 111 
paired oxidation and reduction of. 111 
reductive deamination of. 111 
Ammonia, assimilation of, 119 
formation of, 127 
oxidation of, 91 

use of, in water purification, 228 
Ammonium salts, assimilation of, 119 
Amphitrichous flagella, 42 
Amylase, 100 
Anaerobes, facultative, 90 
methods of growing, 24 
obligate, 90 
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A.naerobes, sporulating, 511“-542 
differentiation of, 466 
Anaerobiasis, cataJase theory of, 90 
oxidation-reduction potential in, 90 
reduction potential theory of, 90 
theories of, 90 

A.naerobic bacilli, 511. See also Clostridium. 
non-spore-forming, 489-492 
culture methods, 24 
oxidation, 82 

of thiosulfate, 93 
Petri dish, 25 
reduction, 82 
respiration, 82 
staphylococci, 308 
streptococci, 324 
Analysis, antigenic, 269, 383 
Anamnestic reaction, 300 
Anaphylactic reaction, nature of, 303 
shock, 301 

Anaphylactoid reactions, 303 
Anaphylaxis, 301 
Anatoxin, 175, 255 
Ancylostoma brasiliense, 759 
caninum, 754 
duodenale, 751 
Andaman A fever, 696 
Andrade’s indicator, 69 
Aneurin, staphylococci and, 308 
Animal nature of bacteria, 161 
inoculation, 27 

passage, effect of, on virulence, 144 
pyogenes streptococcus, 324 
Animals, experimental production of dis- 
ease in, 170 

necessity for intestinal flora of, 159 
Anionic detergents, 67 
Anions, effect of, 66 
Anopheles mosquitoes, 726 
Antagonism, bacterial, 131 
of amino acids, 120 

Antagonistic bacteria, isolation of, 132 
effect of salts, 66 
Antheridium, 622 
Anthracyanins, 128 

Anthraquinones, growth promotion by, 73 
Anthrax bacillus, 501-510. See also B. an- 
thracis. 

Anthrax, immunity to, 507 
in lower animals, 504 
in man, 505 
intestinal, 506 
pulmonary, 506 
transmission of, 505 
Antianaphylaxis, 302 
Antibiosis, 131 

Antibiotic substances, 132-137 
from actinomyces, 133 
from bacteria, 133 , 


Antibiotic substam^es from higlier planLs, 
295 

from molds, 133 
Antiblastic immunity, 274 
Antibodies, 253-278 
ablastin, 278 
agglutinins, 267 
antitoxin, 254 
as cell receptors, 279 
avidity of, 283 
bactericidal, 258 
definition of, 253 
identity of, 277 

immunological h(fferog(^nicity of, 283 
lysins, 258 

modification of serum globulin in, 284 

molecular weight of, 277 

multivalency of, 284 

natural, 296 

nature of, 275 

neutralizing, 274 

non-absorbablc, 274 

opsonins, 263 

origin of, 291 

placental transmission of, 309 
precipitiriwS, 271 

specific adsorption of antigium by, 282 
to visuses, 798 
Unitarian hypotliesis of, 277 
variation in size of, 277 
Antibody formation, theories of, 276 
Antigen, Vi, 399 
valence of, 283 

Antigen-antibody complex, diagrammatic 
representation of, 279 
Antigen-antibody reaction, 278 286 
adsorption phenomena in, 281 
colloidal nature of, 281 
intracellular, 303 
law of mass action and, 285 
modern concept of, 282 
physical nature of, 281 
specific adsorption in, 282 
stages of, 278 

Antigenic analysis, 269, 383 
of viruses, 799 
formulae of Salmonella, 386 
mosaic, 252 
demonstration of, 268 
structure, agglutination and, 268 
demonstration of, 269 
of bacteria, 252 
of B. pertussis, 467 
of Bact. flcxneri, 415 
of Bact. shxgae, 413 
of Brucella, 440 
of Cl. septicum, 524 
of Cl. tetani, 515 
of H. influenzae, 463 
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Arjtigrnic. .slruolur<‘ of La<;t()lm<‘.iUus, 482 
oi* IVolauH, 479 
<>r SahKKJiK^la, 38,‘i 
<>r V. <;hoI<»ra<% 428 
Aati|jr<‘as, 244"''258 
artUkiial, 248 
avi<ii(.>' <»r, 288 

bioclaanical s<^paral.k)n ob 252 
comnum^ 29(» 

proUa’lion and, 288 
tkdinUioii of, 244 
flagallar, 882 

lniinua<)k>ga*al h<9.(‘rogenknly nf, 283 
lipoi<i, 251 

kaiatioiii of, in harli'ria, 258 
rruilt.ivakaicy of, 284 
rH‘a<‘,sNar.y aaiouiH.s (>t\ 802 
n<)ii~pr<)l<‘in, 251 
rion~Hp<*<alkt llag<4Iar, 155, 888 
partial, 249 
p<>lyHa<’r.hari(k% 25 1 
raHi(hi(% 249 
rtenHitizing <k>Ha of, 802 
nhocking doms of, 802 
Hoinatk*,, 882 

Hpatalio adnorpLion of anUi)odies by, 282 
Hpooilic llagrllar, 155, 888 
HptHulioity of, 24() 

AntiH<‘ptu'., 68 
AntitoxiiiH, 254 
liaot. HhiK*n‘, 418 
<2 diphtla^riao, 564 
<’L botuliiiuin, 540 
<8. liiiHtolyti<’Ufn, 464 
CL iiovyi, 580 
< 8. HOfd.icurn, 524 
CL laiaai, 518 
(8. vv<4ohii, 528 
didirdtion of, 258 
deinouHtration of, 254 
function of, in iminnnily, 287 
inb^rnalional unitH of, 256 
8CarI<!t f<wer, 882 
8tan<Jar<lization of, 256 
Antivcnnn, 177 
Antiviral innnnnity, 797 
ApbthouH HtoirnatiU», 806 
AppcndidtiH, IL influenzae and, 464 
non-sporulating anaerobtjs and, 490 
Argonin, bactericidal activity of, 67 
Argyrol, bact< 5 ricidal activity of, 67 
Aromatic groups, immunological specificity 
and, 248 
Arthritis, 326 
gonorrheal, 854 
in rat-bite fever, 615 
in swine erysipelas, 619 
pleuropneumonia-like organisms in, 500 
Arthrospores, 624 


Arthrosporia schoenleini, 645 
violacea, 645 
Arthus phenomenon, 303 
Artificial antigens, 248 
Ascaris lumbricoides, 749 
Ascoli test, 509 
Ascomycetes, 621 

Ascorbic acid, neutralization of diphtheria 
toxin by, 555 
Ascospores, 621 
Ash content of bacteria, 54 
Asiatic cholera, 429. See also Cholera. 
Aspartic acid in nitrogen fixation, 117 
Aspergillic acid, 135 
Aspergillosis, 626 
Aspergillus, 626 
A. clavatus, 136 
A. flavus, 135, 628 
A. fumigatus, 136, 627 
A. nidulans, 628 
A. niger, 628 

Aspergillus in maduromycosis, 611 
pathogenic species of, 626 
reproductive structures of, 623 
Asterococcus canis, 498 
A. mycoides, 498 
Atabrine, 725 
Atopy, 305 
Attenuation, 143 
Australian X disease, 843 
Autoclave sterilization, 10 

pressures necessary for, 60 
Autotrophic bacteria, 91-97 

compairative physiology of, 157 
Autumn fever, 696 
Avidity of antibodies, 283 
of antigens, 283 
of antitoxin, 255 

Azo dyes, bactericidal activity of, 68 
Azoprotein antigens, 249 
Azotobacter agilis, 113 
Az. aquatile, 219 
Az. beijerincki, 113 
Az. chroococcum, 113 
Az. indicum,114 
Az. vinelandii, 113 

Azotobacter, efficiency of nitrogen fixation 
by, 115 

nutritive requirements of, 114 
respiratory quotient of, 115 
symbiosis of, 115 


B.G.G., 575 

BE, 582 

BF, 582 

B virus, 843 

Babes-Ernst granules, 47 
in G. diphtheriae, 553 
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Bacillary dysentery, 417 
epidemiology of, 420 
experimental, 422 
in asylums, 420 
mixed etiology of, 421 
prevalence of, 419 
emulsion, 582 
white diarrhea, 395 
Bacille Calmette-Guerin, 575 
Bacillus, 38 

B. aerogenes capsulatus, 524 
B. agni, 526 
B. alvei, 501 
B. anthracis, 501—510 
fermentations of, 503 
immunity to, 507 
morphology of, 501 
pathogenicity for animals, 504 
pathogenicity for man, 505 
physiology of, 503 
stedning of, 502 
toxins of, 516 
variation of, 504 
B. avisepticus, 447 
B. botulinus, 586. See also Clostridium 
hotulinum. 

B. bovisepticus, 447 
B. brevis, 133 
B. cellulosae dissolvens, 99 
B. chauvei, 534. See also Clostridium 
chauvei. 

B. crassus, 483 
B. erysipelatus suis, 617 
B. fragilis, 490 
B. fusiformis, 490 
B. hexacarbovorum, 98 
B. janthinus, 128 
B. lacunatus, 472 
B. lepisepticus, 447 

B. mallei, 545. See also Glanders bacillus, 
B. megatherium, 510 

oxidation of hydrogen by, 97 
B. mesentericus, 510 
B. methylicus, 98 

B. mucosus capsulatus, 378. See also 
Bacterium friedlanderi. 

B. murisepticus, 447 
B. mycoides, 510 
B- necrophorus, 490 
B. oedematiens, 529 
B. oedematic maligni Nr. II, 529 
B. oligocarbophilus, 97 
B. ovitoxicus, 526 
B. paludis, 526 
B. paraalvei, 501 
B. parabotulinus, 538 
B. para-pertussis, 468 
B. paratyphosus A, 392 
B. paratyphosus B, 392 


Bacillus perfringens, 524. See also Clostrid- 
ium welchii. 

B. pertussis, 466—472 

antigenic structure of, 467 

morphology of, 466 

nutritive requirements of, 467 

pathogenicity of, 468 

phases of, 467 

physiology of, 467 

prophylactic inoculation with, 471 

staining of, 467 

toxins of, 467, 469 

variation of, 467 

B. phlegrnonis crnphyseniatosae, 524 
B. pseudomalloi, 549 
B. pseudo tuberculosis rodentium, 455 
B. radicicola, 114 
B. ramostis, 491, 510 
B. seroficus, 510 
B. subtilis, 509 
in milk, 234 

oxidation of hydrogen by, 97 
B. suisepticus, 447 
B. tropicus, 510 

B. typhi, 399. See also Bacterium typho- 
sum. 

B. vaginalis, 483 
B. vulgatus, 510 
B. whitmori, 549 
Bacillus of malignant edema, 522 
of swine plague, 447 
Bacteremia, 185 
Bacterial allergy, 305 
associations, 130 
cells, structure of, 36 
death, mechanism of, 53 
growth curve, 52 
metabolism, 80 
populations, 50, 203 
physiology, 80 
pigments, 128 
plaques on teeth, 485 
Bactericidal activity of spectrum, 61 
Bactericidal antibodies, 258 

function of, in immunity, 288 
Bactericidal property of milk, 234 
Bactericide, 63 
Bacteriochlorin, 94, 129 
Bacteriological media, preparation of, 12 
Bacteriology, history 1 
Bacteriolysis, immunological, 259 
Bacteriophage, 858-865 
antigenicity of, 861 
characteristics of, 859 
effect on bacteria, 863 
isolation of, 858 
mechanism of lysis, 862 
metabolism of, 861 
multiplication of, 860 
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Bacteriophage, natures of, 862 
phagocytowin and, 264 
plaques, 859 
specificity of, 860 
therapcuti<‘* use of, 864 
typing of Bacterium typhosuin, 400 
Bacteriophagum intestiuale, 862 
Bacteriophagy, <li’'moastratiou of, 858 
BacteriostaHis, <ui 
Bacteriostaticj act ion of dyes, 68 
BacJterio tropins, 268 
Bacterium aceti, 107 

Bact. aerogen(‘8, 874 -378 
<iultural characteristics of, 375 
formation (>f acetylmcdhylcarhinol, 106 
imiminology of, 377 
in milk, 233 
physiology of, 375 
signifi(^an<'e of, ia water, 224 
Bact. ai^tryckc, 393 
Bact. alkalcms’ins, 416 
Bact. ambiginim, 416 
Bact. aH<'.endens, 107 
Bad. anrescaujs, 219 
liact. avisepticurn, 447 
Bact. hovisespticiiin, 447 
Bact. ('holerafi-Huis, 394 
Bact. cloa<5ae, 374 
Bad. coli, 370 374 

allowable numbe^rs in water, 226 
anat^rogencH, 374 
coinmuia^ 370 
communior, 373 
communis, 373 
cultural charactc^ristics of, 371 
farmentations of, 372 
immunology of, 377 
in milk, 233,-»236 
in water, 223 
morphology, of 370 
mutabile, 146, 374 
mutation in, 146 
nutritive requir€)mcnt8 of, 372 
oxidation of hydrogen by, 97 
pathogenhsity for animals, 373 
pathogenicity for man, 372 
physiology of, 371 
staining of, 370 
toxins of, 372 
variation of, 372 
varieties of, 373 
water pollution and, 223 
Bact. dispar, 417 
Bact. dysenteriae, 413 
Bact. enteritidis, 393 
Bact. fecalis alcaligenes, 410 
Bact. flexneri, 414 
Bact. fluorescens, 128 
Bact. fragilis, 490 


Bacterium friedlanderi, 378-380 
classification of, 379 
cultural characteristics of, 379 
fermentations of, 379 
immunological types of, 379 
morphology of, 378 
nutritive requirements of, 379 
pathogenicity of, 380 
physiology of, 378 
staining of, 378 
variation of, 379 
Bact. funduliformis, 490 
Bact. fusiformis, 490 
Bact. granulosis, 826 
Bact. lactis aerogenes, 374. See also BacL 
aerogenes. 

Bact. lepisepticum, 447 
Bact. melaninogenicum, 491 
Bact. monocytogenes, 487 
Bact. murisepticum, 447, 617 
Bact. necrophorum, 490 
Bact- orleanense, 107 
Bact. ozenae, 380 
Bact. paradysenteriae, 414 
Bact. para-shigae (“), 413 
Bact. para-shigae (-h), 413 
Bact. paratyphosum A, 392 
Bact. paratyphosum B, 392 
Bact. pasteurianum, 107 
Bact. pneumoniae, 378. See also Bac- 
terium friedlanderi. 

Bact. pneumosintes, 491 
Bact. prodigiosum, 128 
in water, 219 

oxidation of hydrogen by, 97 
Bact. radiobacter, 116 
Bact. ramosum, 491 
Bact. shigae, 413 
Bact. sonnei, 417 
Bact. suipestifer, 394 
Bact. suisepticum, 447 
Bact. tularexise, 455 
Bact. typhi-murium, 393 
Bact. typhosum, 396-410 
antigenic structure of, 399 
carriers of, 403 
cleissification of, 399 
excretion of, 402 
heterophile antigen and, 156 
immunity to, 408 
in ice, 223 

mixed infections and, 483 
morphology of, 396 
nutritive requirements of, 397 
pathogenicity for animals, 407 
pathogenicity for man, 401 
physiology of, 397 
prophylactic inoculation with, 408 
staining of, 397 
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Bacteriuni typhosam, toxins of, 398 
variation of, 401 
Bact. violaceuin, 128, 219 
Bact. xylinurn, 107 
Bacteroides fragilis, 490 
B. melaninogenicas, 49 L 
B. ramosus, 491 
Balantidium coli, 707 
Barberry, sporotrichosis and, 631 
Bartonella, 492 
B. bacilliforrnis, 492 
B. canis, 494 

B. muris, 494 

Basic fuchsin, bacteriostatic activity of, 69 

Basidiomycetes, 621 

Basophils, 290 

Bayer 205, 712 

Bazillenemulsion, 582 

Beggiatoa, 92 

Bejel, 690 

Benign tertian malaria, 723 
Benzol, oxidation of, 98 
Berkefeld filter, 11 
Alanine, 121 

C, diphtheriae and, 553 
in nitrogen fixation, 117 

4~/3-Glucuronosidoglucose, 249 
6-jiS-Glucuronosidoglucose, 250 
/9-Hemolysis, 179 

Bile, neutralization of diphtheria toxin by, 
555 

Bile solubility, of pneumococci, 339 
of streptococci, 319 
Bilharziasis, 736 
Binary fission, 49 
Biocatalyzers, 121 

Biochemical changes, magnitude of, 80 
Biogenesis, 4 
Bioluminescence, 130 
Biotin, structure of, 124 
Bipolar staining, 449 
Birds, aspergillosis of, 627 
Bitter milk, 234 
Black death, 448 

light, use in dermatophytosis, 642 
Blackleg, 534 
Blackwater fever, 724 
Blastomyces dermatitidis, 655 
Blastomycosis, 652 
American, 655 
European, 652 
Bleaching powder, 66 

water purification by, 228 
Blockade of macrophage system, 294 
Blood groups, human, 245 
Blood-plate hemolysis, 179 
Blue comb disease of turkeys, 619 
milk, 234 

Boas-Oppler bacillus, 484 


Bodinia violacea, 645 
Boiling, lethal elFects of, 60 
sterilization by, 9 

Bordet-Gengou bacillus, 466. Sec also Ba- 
cillus pertussis. 

Bordet-Gengou i)h(mornc!n<)ii, 261 
Borrelia, 674-681 • 

B. anserinurn, 677 
B. berbcra, 676 
B. car tori, 676 
B. duttonii, 676 
B. gallinarurn, 677 
B. kochii, 676 
B. muris, 698 
li. novyi, 676 
B. reciirrontis, 676 
B, thiclori, 677 
B. vincentii, 680 
Borrelia, classilicatiou of, 675 
cultivation of, 675 
immunity to, 677 
morphology of, 674 
staining oi“, 674 
Bottom yeasts, 65 1 
Botulism, 241, 539 
Bound water in bacteria, 54 
in spores, 45 

Bovimycea pleur(>pruuutH)iuu(\ 198 
Bovine pleuro[)n<mmonia, 498 
Boyd’s typos of Fhixrau' bmulli, 418 
Brcakbone fever, 834 

Breinl-Haurowitz lh<H)ry of antibody for- 
mation, 276 

Brilliant green, ha(5t<‘.riddal ae.tivity of, 69 
Brill’s disease, 770 
Bromine as a disinhuJlant, 66 
Bronchomoniliasis, 662 
Bronchopneumonia, ac5tinoiny<‘otit\ 613 
pneumoco<;ouH in, 336 
streptococ<ji in, 328 
typhus fcv(?r and, 770 
Brooder pneumonia, 627 
Brucella, 437-446 
Br. abortus, 437 
Br. bronchiseptica, 446, 468 
Br. melitensis, 232, 437 
Br. suia, 437 

Brucella, antigenic structure of, 440 
cultural differentiation of, 440 
immunity to, 446 

immunological diirerentiation of, 440 
laboratory infections with, 444 
morphology of, 437 
nutritive requirements of, 439 
pathogenicity for animals, 44 1 
pathogenicity for man, 443 
physiology of, 438 
variation of, 440 
Brucellergen, 442, 446 
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HH an o<*<nipati<»aaI <lis<'as<*, 444 
<*aHa fatality in, 443 
<^pi<i<ana)l<>gy nf, 444 
IiypWHanHitivity in, 443 
in aninialH, 441 
in man, 443 
pravalanr<‘ of, 444 
skin in, 442 
tranHiniHsion hy milk, 232 
types nf, in man, 443 
Bubonic plaftuc, 450 

Bml rot of luirnatioiw, sporotrichosiH and 
632 

Butlers, standard phosphate, 14 
Bulgarian milk, 4J13 
Bullis f(‘V(‘r, 676 
“Bumps,’* <>65 

Burial, earth, destnattion of bai^teria in 
1 32 

longevity of pathogenii; hae.teria in, 22.1 
Butyl alcohol, formation of, 106 
2,34>utyhaie glycol, formation of, 106 
But yric ni'id, formation of, 105, 233 


< ’♦ AN'miMN of strt‘pto<M)i‘ei, 223 
(hnlaverine, formation of, III 
(lahihar swi'llings, 760 
Chd<4tim (smtent of haottu'ia, 54 
<hd<*iuin hypochlorite, water pnriti<tation 
hy, 223 

(hunp fcv<*r, 770 
<4in<li<ia alhiiums, 653 
<2 trojni^alis, 662 
Chinine typhus, 605 
CJanomyiies pulmonis, 493 
C *ai>roniy<'e.s agala(4>ia(', 493 
(Inpsnlar snhstaiu^e, 41 
C Japsuli^ stain, 33 
(hipsuh^H, 41, 133 

(diemiiial nature of, 250 
environmental modiOcations of, 143 
of H and B variants, 154 
phagoc.ytosis and, 264 
virulence and, 133 
('laraie, 690 
(hirharsone, 707 

Carbohydrate oxidation, mechanisms of, 

102 

prodiKJts of, 101 

Carbohydrates, protein-sparing etfeefc of, 

no 

oxidation of, 101 

Carbolic acid, bactericidal activity of, 67 
(Carbon, assimilation oC 119 
Carbon content of bacteria, 54 
Carbon dioxide, 125 

aHsimilatlon of, 91, 125 


Carbon dioxide, assimilation of, in formic 
acid, 105 

in succinic acid, 106 
cell division and, 125 
clfect of increased tensions of, 125 
clTcct of, on growth, 125 
formation of, 127 

formation of succinic acid from, 106 
function of, in cell division, 53 
gonococcus and, 352 
growth stimulant, 125 
hetero trophic assimilation of, 125 
meningococcus and, 359 
monoxide, oxidation of, 97 
Carbonate, photosynthetic reduction of, 94 
reduction of, 94 
Carotene, resistance and, 193 
Garotinoids, 129 
Carrier state, 185 
Carriers of Baot. typhosum, 403 
of C. diphthcriae, 565 
of dysentery bacilli, 418 
of Endarnoeba histolytica, 705 
of meningococcus, 363 
of pneurnocoetji, 345 
of V. cholcrae, 430 
Catadyn process, 65 
“latalase, 84, 90 
Cataphoresis, 63 
lathode rays, ellect of, 62 
lalionic detergents, 67 
Cattle, bacteria in milk from, 231 
brucellosis in, 441 
Caulohactcria in water, 219 
laulobacterialcs, 164 
Celebes vibrio, 435 
Cell division, 49 

binary fission and, 49 
branching and, 49 
budding and, 49 
gonidia and, 49 
planes of, 37, 49 
rate of, 50 

fragments, filterable, 152 
membrane, 46 
of bacteria, 46 
receptors, 278 

structure of bacteria, 36, 40-48 
life cycles and, 150 
Ilellobiase, 100 
lellobiose, 100 
Cellobiuronic acid, 249 
lells, systems of, 290 
lellular division, observation of, 30 
immunity, 288 
response in immunity, 291 
lellulase, 99 

lellulose, hydrolysis of, 99 
lercariae of paragonimus, 733 
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Cerebral malaria, 724 
Cerebrospinal fever, 357 
meningitis, 357 
Certified milk, 237 
Cestoides, 739 
Chagas’ disease, 713, 714 
Chaluni, 613 
Chamberland filter, 12 
Chancroid, 473 
Charbon, 501 

Chemical agents, effect of, 63~79 

analysis of water, sanitary significance 
of, 225 

composition of bacteria, 36, 54 
of viruses, 793 

methods of water purification, 228 
Chemicals, sterilization by, 10 
Chemosynthesis, 82 
Chemotherapeutic drugs, 70 
Chemotherapy, 70 
Chicago disease, 655 
Chickenpox, 855 

Chicks, bacteriologically sterile, 159 
Chilomastix mesnili, 708 
Chlamydoaleuriospora crateriformis, 645 
Chlamydobacteriales, 164 
in water, 219 
Chlamydospores, 624 
Chlamydozoon, 826 
Chloramine-T, 66 
Chlorine content of bacteria, 54 
Chlorine, liquid, as a disinfectant, 66 
water purification with, 228 
Cholecystitis, brucellosis and, 443 
Cholera, 429 
carriers of, 430 
epidemiology of, 431 
immunity to, 433 

Cholera vibrio, 423—436. See also V. 
cholerae. 

Cholera-red reaction, 425 
Cholesterol, neutralization of diphtheria 
toxin by, 555 

Chorioallantois, cultivation of viruses on, 
795 

Chromoblastomycosis, 628 

Chronic arthritis, streptococci and, 326 

Chronic tetanus, 518 

Ciliophora, 707 

Citrate test, 376 

Citrinin, 136 

Cladiosporum, chromoblastomycosis and, 
629 

Cladothrix, 601 
Clasmatocytes, 289 
Classification, artificial key to, 166 
Bergey’s, 163 

characteristics used in, 160 
criteria used in, 163 


Classification, genesra in, 164 
Lehmann and Neumann’s, 162 
Migula’s, 162 

morphological groups in, 161 

natural groxips in, 161 

of actinomycetes, 601 

of bacteria, 160-168 

of Bact. friedlanderi, 379 

of Borrelia, 675 

of dysentery bacilli, 412 

of encephalitides, 836 

of epidemiological types of disease, 200 

of glanders bacillus, 546 

of gonococcus, 354 

of Lactobacillus, 481 

of meningococcus, 360 

of Mycobacterium, 569 

of pleuropneumonia-like orgjmisius, 497 

of pneumococci, 340 

of Proteus, 479 

of Pseudomonas, 475 

of Salmonella, 387 

of spiral microorganisms, 672 

of sporulaling anaerob(*is, 51 1 

of staphylococci, 310 

of streptococci, 321 

Orl a- Jensen’s, 163 

physiological groups in, 163 

relation of bacteria to other plants, 161 

species in, 165 

types in, 168 

variation and, 160 

Clauberg’s medium, diphth<^ria bacillus 
and, 553 
Clavacin, 136 
Claviformin, 136 
Climate, resistance and, 192 
Climatic bubo, 824 
Clonarchis sinensis, 736 
Closed epidemics, 211 
Closteroaleuriospora audouini, 644 
Closterosporia fulva, 644 
C. inguinalis, 647 
G. lanosa, 644 
Clostridium, 511-542 
Cl. botulinum, 536-540 
immunity to, 546 
in food, 241 
in soil, 221 
morphology of, 536 
pathogenicity for animals, 540 
pathogenicity for man, 539 
physiology of, 537 
toxins of, 174 
types of, 537, 539 
Gl. chauvei, 534-536 
immunity to, 536 
morphology of, 534 
pathogenicity of, 535 
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Clostridium chauvei, physiology of, 535 
Cl. histolyticum, 531-532 
morphology of, 531 
pathogenicity of, 532 
physiology of, 531 
Cl. novyi, 529-531 
morphology of, 529 
pathogenicity of, 530 
physiology of, 530 
toxins of, 529 
Cl. oedematiens, 529 
in soil, 221 

Cl. parabotulinum equi, 538 
Cl. pastorianum, 113 
Gt perfringens, 524-529. See also CL 
welchii. 

Cl. septicum, 522-524 

antigenic structure of, 524 
morphology of, 523 
pathogenicity of, 524 
physiology of, 523 
toxins of, 524 
Cl. sporogcnes, 532-534 
morphology of, 532 
oxidation of hydrogen by, 97 
pathogenicity of, 533 
physiology of, 533 
Cl. tetani, 513-521 
antigenic structure of, 515 
immunity to, 518 
immunological types of, 515 
Cl. tetani in soil, 221 

mixed infections and, 518 
morphology of, 513 
pathogenicity for animals, 518 
pathogenicity for man, 517 
physiology of, 514 
sporcjs of, 515 
toxins of, 174, 515 
Cl. welchii, 524-529 

allowable numbers in water, 226 
immunological types of, 526 
in water, 223 
morphology of, 524 
pathogenicity for animals, 528 
pathogenicity for man, 527 
physiology of, 525 
toxins of, 174, 526 
water pollution and, 223 
Wilsdon typos of, 526 
Clubs, actinomycete, 604 
Coagulase, 181 

demonstration of, 181 
properties of, 181 
relation to virulence, 181 
Coagulation, purification of water by, 227 
Cocarboxylase, 84 
Coccidioidal granuloma, 663 
Goccidioides immitis, 663 


Coccidioidomycosis, 663 
Goccidiomycosis, 663 
Coccobacillus, 39 
Coctoproteins, 248 
Goenocytic mycelium, 621 
Goenzyme I, 84, 87 
H. influenzae and, 462 
Coenzyme II, 84 
Coenzymes, 84 

Cohesive force, agglutination and, 271 

Coiled hyphae, 624 

Cold, 814. See also Common cold. 

Cold, bacteriostatic effects of, 60 
lethal effects of, 60 
mechanism of lethal effect, 60 
resistance of bacteria to, 61 
Cold sores, 806 
Coli group of bacteria, 376 
Coliform bacteria, 224, 376 
differentiation of, 376 
in water analysis, 224 
ecology of, 377 

immunological relationships of, 377 
sanitary significance of, 224 
Coli-Lisbonne, 864 
Colloidal silver, effect of, 65 
Colonial morphology of bacteria, 48 
Colon-aerogenes intermediates, 376 
Colony, G form, 154 

morphology of S and R variants, 153 
Combining power of toxin, 255 
Comma bacillus, 423. See also Vibrio 
cholerae. 

Commensalism, 131 
Common antigens, 296 
protection and, 288 
Common cold, 814 
bacteria in, 815 
epidemiology of, 815 
etiology of, 814 
immunity to, 816 
in animals, 815 
prophylaxis of, 816 
virus of, 815 

Comparative size of bacteria, 36 
Competitive inhibition by drugs, 72 
Complement, 259 
components of, 262 
deviation, 260 
fixation, 261 
in syphilis, 686 
nature of, 261 
opsonins and, 266 
properties of, 261 

relation to blood-clotting mechanism, 262 
Completed test in water analysis, 223 
Congenital syphiHs, 685 
Conidia of molds, 623 
Conidiophore, 623 
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Conjugation of bacteria, 150 
Gonjunctivae, resistance and, 195 
Conjunctivitis, Bact. coli and, 373 
Koch-Weeks bacillus and, 465 
Morax-Axenfeld bacillus and, 473 
Past, tularensis and, 457 
Constitutive enzymes, 146 
Contact rates, 203 
Contagious abortion of cattle, 441 
agalactia of sheep and goats, 498 
Contagium vivum, 1 
Contagium vivum Iluidum, 787 
Control measures, nature of, 215 
Copper salts, effect of, 66 
Corper’s medium, 572 
Corynebacterium, 550-568 

G. acne, 568 

C. diphtheriae, 550-568 
antitoxin, 564 

antitoxin standardization, 256 
antitoxin unit, 257 
effect of Bact. coli on, 132 
effect of B. mesentericus on, 132 
effect of Friedlander’s bacillus on, 132 
effect of Staph, aureus on, 1 32 
immunity to, 561 
morphology of, 550 
nutritive requirements of, 553 
pathogenicity for animals, 559 
pathogenicity for man, 558 
physiology of, 552 
Romer reaction and, 252 
staining of, 551 
toxins of, 554 
types of, 556 
variation of, 556 
virulence of, 554 
C. hofmannii, 567 
C- murisepticum, 568 
C. necrophorum, 490 
C. ovis, 568 

C. pseudodiphtheriae, 567 
C. pyogenes, 568 
C. xerose, 567 
Cottonpox, 803 

Gough plate method in whooping cough, 
469 

Cowpox, 6, 805. See also Vaccinia. 
Cozymase, 123 

H. influenzae and, 461 
Cracked heels, 613 
Creeping eruption, 754 
Crenothrix polyspora, 96 
Cresols, bactericidal activity of, 67 
Cristispira, 676 

Crithidia, 709 

Critical potential, agglutination and, 271 
Cross reactions in agglutination, 268 
in precipitin test, 273 


Gross reactions of piuninHKHH*.<^us tyjK^s, 311 
Grotin, 176 

Gryptococcus gilchristi, 657 
hominis, 652 

Cryptozoite of malarial parasit.(\s, 722 
Crystal violet, bacteriostatic a<4tvity of, (}9 
Grystallin, 246 

Gtenomyoes mentagrophy tes, 646 
Culcx mosquitoes, 726 
Cultivation t)f virus<^s, 794 
Cultural differentiation of bacUdda, 31 
Culture media, preparation of, 12 
Cultures, pr(\servation of, 60 
Cutaneous plague^ 451 
Cyclohexauo, oxidation of, 98 
Cystitis, Bact. coli and, 373 
Bact. typhosurn in, 402 
Proteus and, 480 
Cysts of E. histolytica, 702 
Cytochrome, 84, 87, 127, 129 
oxidase, 84, 87 
Cytology of baciteria, 40 "48 
Cytolysis, immunological, 259 
mechanism of, 259 
Cytomorphosis, 54 
Gytomycosis, 668 
Cytosine, 55 

Cytoryctes vaeciniae et vi^riolat*., 801 
Czapek-Dox im^dium, 625 


DPN, 84 

Oanubious vibrio, 434 
Danysz pbenornenon, 255 
Darkfield microscope, 40 
Deamination, 111, 119 
Death rates, specilic, 205 
standardized, 205 
Debaryomyces hominis, 655 
D. ncofonnans, 652 
Decay, 112 

Decomposition of amino acids, UO 
Deer fly fever, 455 
Defenses, external, 194 
Degeneration, phylogenetic, 158 
Degenerative forms, 40, 151 
Degradation, producLs of, 126 
Dehydrogenases, 84 
bacterial, 83 
Dengue fever, 834 
Density, threshold, 209 
Dental caries, 484*^86 
Dentinal tubules, bacterial invasion of, 486 
Dermacentroxenus rickettsii, 774 
Dermatitis, chemical, 633 
hookworm, 754 
mycotic, 632 
neuro-, 633 
strongyloides, 755 
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I )<>irnuiloin<)niliaHis, (>62 
DeriuatoinycoHis, 622 
Dermalophy t<\H, 622 656 

association of sp(‘<U(‘s with clinical in- 
tV'Ctioii, ()42 

chara<4.t^risti<'.s, of spcoi(\s, 644 
dilTc^rcntiation of, 634< 
j^cnta'a and spcc/u's oh 624 
pathogenicity of, 627 
suintnary of, 622 
Dcnnatophytid, 64-2 
Dwrnatophy to.sis, 622 

age and sex <listrihntion ot, 632 
geographical distribution ol', 622 
hypi'irstuisitivity in, 642 
inmmnity in, 642 
ol* dry glabrous skin, 629 
of epi<l<Tinis o4' the folds, 640 
of hair and hair folli<4es, 640 
of nails, 642 

Df^satiiration of arnino acids, i l l 
I lescinsitization, 202 
Desert rheuinatisin, 665 
DeHOxyrihonu(;l(4<r acid, pncutno<;o(x;us 
typ<*s and, 156 

Deterg(uita, action of, on bactexia, 67 
Dhobie it<jh, 647 

Diagnosis, laboratory, of actinomycosis, 
(>06 

of African shujpirig Hi<^knoss, 711 
of amebiasis, 704 
of Ain<'!ri<‘.ati blastomycosis, 652 
of aikthrax, 506 
of ascaris inlection, 750 
of bacillary dy8cnt(‘ry, 419 
of Chagas’ disease, 714 
of coc(n<lioi<lomy<x)sis, 666 
of d(‘nnatophytosis, 619 
of diphth<»ria, 560 
of gonococ<Uis infections, 256 
of Instoplasmosis, 669 
of hookworm discMise,, 752 
of leishmaniasis, 717 
of malaria, 725 

of mcningOiHHXUis iiuhnstions, 212 

of inyc<d,oina, 612 

of paragonimiasis, 722 

of plague, 454 

of psittacosis, 222 

of nil)ics, 252 

of relapsing f<wer, 672 

of Salmoruilla inhjctions, 229 

of sfshistosomiasis, 732 

of sporotrichosis, 632 

of staphylococcus ialecfcions, 212 

of str<‘.ptoc(Mxnis infections, 324 

of strongyloides infection, 755 

of syphilis, 626 

of tapeworm infection, 741 


Diagnosis, laboratory, of trichinosis, 758 
of tuberculosis, 580 
of typhoid bacillus infections, 464 
of whooping cough, 469 
Diamonds disease of swine, 612 
Diarrhea, Proteus and, 480 
Diastase, 100 
Dick test, 230 
toxin, 320 
Dichloramine-T, 66 
Dicrocoelium dendriticum, 735 
Dientamoeba fragilis, 706 
Dilferential characters, fineness of, 140 
Differentiation of sporulating anaerobes, 
540 

Differentness of bacteria, 140 
Dihydroxyacetone phosphate, decomposi- 
tion of, 102 
formation of, 102 
Dilution, sewage disposal by, 230 
l,3-dimethylcyclohex6uie, oxidation of, 92 
Dioscorea and nitrogen fixation, 117 
Diphasic Salmonella, 327 
variation, 155 

Diphosphopyridine nucleotide, 84 
Diphtheria, 558 
active immunization to, 562 
antitoxin, standard unit of, 256 
bacillus, 550--568. See also C. diphtheriae. 
carriers of, 565 
control of, 566 
epidemiology of, 564 
passive immunization to, 562 
prevalence of, 566 
Schick test in, 561 
seasonal incidence of, 565 
susceptibility of various ages to, 564 
toxin, 174, 554 
transmission of, by milk, 232 
Diphtheroid bacilli, 567 
Diphyllobothrium latum, 745 
Diplococcus, 38 

gonorrheae, 350. See also Gonococcus. 
mucosus, 342 
pneumoniae, 236--349 
Dipodomys merriami, coccidioidomycosis 
in, 666 

Dipylidium caninum, 745 
Dirofilaria immitis, 761 
Discomyces, 601 
Disease, control of, 215 
complications in, 217 
dying out of, 210 
epidemiological character of, 201 
epidemiological types of, 200 
experimental, 170 
experimental animals in, 170 
Hippocratic theory of, 169 
indirect evidence of etiology of, 171 
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Disease, Koch’s postulates in, 169 
long-term prevalence of, 210 
of lower animals, control of, 215 
proof of etiology of, 170 
relation of bacteria to, 169--197 
reproduction of, 170 
Diseases of milk, 234 
Disinfectant, 63-79 
coal tar products, 67 
dyes, 68 

effect of organic matter on, 73 
gaseous, 69 

halogen substitution in, 67 
organic compounds, 66 
organo-metallic compounds, 66 
oxidizing agents, 66 
phenols, 67 
sadits, 65 

specificity of, 70 
steuidardization of, 75 
toxicity index of, 79 
Disinfection, dynamics of, 74 
effect of organic matter on, 73 
factors influencing, 73 
graded biological resistance in, 74 
mechanism of, 74 
reaction velocity of, 78 
Dismutation, 83 

Dissemination of tetanus toxin, 516 
Dissociation, adaptations and, 154 
bacterial, 152 

immunological aspects of, 154 
Distribution of bacteria, 36 
Doderlein’s bacillus, 483 
Dog favus, 646 
Dogs, brucellosis of, 443 
histoplasmosis of, 669 
leptospirosis of, 695 
Donators, hydrogen, 83 
Donovan bodies in granuloma inguinale, 
824 

Dorset’s egg medium, 572 
Dosage, effect of, in epidemics, 208 
Dose, LDfio, 172 

Doses of toxin, interrelations of, 257 
Dourine, 715 

Dracunculus medinensis, 761 
Dressing sterilizer, 10 
Droplet infection, 201 
Drug fastness, 144 
idiosyncrasies, 251 
Driisen, 603, 606 
Dry heat, sterilization by, 860 
Drying and freezing, 61 
Ducrey’s bacillus, 473 
Duran-Reynals factor, 182 
Duval’s bacillus, 417 
Dyes, anaerobic reduction of, 83 
bactericidal activity of, 68 


Dyes, effect of alkyl substitution in, 67 
selective action of, 68 
Dysentery, amebic, 703 
bacilli, 413- 422 
classification of, 412 
differentiation of, 412 
morphology of, 412 
non-sporulating anaerobes and, 489 
pathogenicity for animals, 422 
pathogenicity for man, 417 
physiology of, 412 
prevalence of, 421 
Ps- pyocyanea and, 477 


Eaglts test, 686 
Ear, aspergillosis of, 628 
Ebcrtholla typhi, 399. See also Bact, ly 
phosarn. 
typhosa, 399. 

Echinococcus granulosus, 742 
Ecology of bacteria, 36 
Ectothrix type of dermatophyte, 636 
Ecto trichophyton, 636 
E. megnini, 646 
E. mentagrophytes, 646 
Ectromelia, experimental epidemics of, 211 
Eczema marginatum, 640, 647 
Efficiency of autotrophic respiration, 91 
Egg culture of rickottsiae, 765 
of viruses, 795 
Eh, definition of, 85 
Eichorn’s anti-anthrax sera, 508 
Eijkman tost, 376 
El Tor vibrios, 435 
Elective localization, 185 
Electric charge, agglutination and, 270 
of bacteria, 63 

Electric current, effect of, 63 
Electrolytes, agglutination and, 270 
Electron microscope, 41 
Electrophoresis, 63 

Electrophoretic fractionation of immune 
globulin, 275 
Elementary bodies, 787 
of cowpox, 804 
of herpes, 807 
of vaccinia, 804 

Elements necessary for growth, 119 
Elephantiasis, 760 
Embadomonas intestinalis, 708 
Encapsulatus pneumoniae, 378. See also 
Bact. friedlanderi. 

Encephalitides, classification of, 836 
Encephalitis, brucellosis and, 443 
herpes and, 807, 836 
Japanese, 841 
lethargic, 836 
of virus etiology, 836 
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Encephalitis, postinfectious, 844 
Hussian, 842 
St. Louis, 836 
type A, 836 
type B, 836 
typhus fever and, 770 
Encephalomyelitis, mouse, 852 
End type of cholera vibrio, 428 
Endamoeba coli, 706 
E. gingivalis, 707 
E. histolytica, 701 
carriers of, 705 
characteristics of, 702 
cultivation of, 702 
life cycle of, 702 
pathogenicity of, 703 
Endemic disease, 198 
Endocarditis, brucellosis and, 443 
diphtheria bacillus and, 559 
gonorrheal, 354 
Ps. pyocyanca and, 477 
streptococci and, 327 
liindoclermophy ton, 637 
1^. coneentri<‘.um, 647 
E. indioum, 647 
E. tropicale, 647 
I-Cndolimax nana, 706 
Endomycetaceae, 650 
Endothelial cells, 289 
pjndo'a medium, 20 
Bact. coli on, 370 

Endothrix type of dermatophyte, 636 
Endotoxins, 173 
antigenicity of, 174 
characteristics of, 173 
nature of, 175 
of Bact. shigae, 413 
of Bact. typhosum, 399 
of gonococcus, 353 
of m<axingococcus, 360 
of Salmonella, 382 
of V, cholerae, 427 
properties of, 175 
Endo trichophyton, 636 
End-piece of complement, 262 
Enteric bacilli, biochemical differentiation 
of, 371 

Enteritis, food poisoning and, 240 
streptococci and, 328 
Enterobius vermicularis, 747 
Enterococcus, 323 
Enterotoxemia of sheep, 526 
Enterotoxin, 242 
of staphylococci, 309 
Environment, adaptation to, 148 
bacterial, unique aspects of, 140 
effect of, on resistance, 192, 206 
Enzymes, 84 
adaptation, 146 


Enzymes, constitutive, 146 
respiratory, 84 

systems, phylogenetic degeneration of, 
158 

Eosinophils, 291 

Epidemic bacillary dysentery, 420 
cerebrospinal meningitis, 357 
disease, 199 

experimental control of, 213 
infantile paralysis, 946 
influenza, 810 
kerato-conjunctivitis, 856 
parotitis, 818 
typhoid fever, 405 
wave, cases in, 209 
contact rate in, 208 
immigration and, 212 
recurrent, 210, 213 
susceptibles in, 209 
theoretical, 207 
variation in virulence in, 204 

Epidemics, closed, 211 

experimental, mortality rates in, 212 
theoretical, 208 

Epidemiological classification of disease, 
200 

types of disease, 200 
variation in, 203 

Epidemiology, 198 
experimental, 211 
factors determining, 203 
of African sleeping sickness, 712 
of amebiasis, 705 
of anthrax, 506 
of bacillary dysentery, 420 
of brucellosis, 444 
of cholera, 431 
of coccidioidomycosis, 666 
of common cold, 815 
of D. latum infection, 746 
of diphtheria, 564 
of erysipeloid, 619 
of filariasis, 760 
of gonorrhea, 355 
of hookworm disease, 753 
of hydatid disease, 743 
of leishmaniasis, 717 
of lymphocytic choriomeningitis, 828 
of malaria, 725 

of meningococcus meningitis, 363 
of paragonimiasis, 733 
of pinworm infection, 749 
of plague, 451 

of pneumococcus pneumonia, 346 
of poliomyelitis, 847 
of psittacosis, 819 
of schistosomiasis, 739 
of smallpox, 802 
of spotted fever, 774 
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Epidemiology of sporoti ichosis, 63 1 
of strongyloides infection, 756 
of tapeworm infectioii, 741 
of trichinosis, 758 
of tuberculosis, 587 
of tularemia, 458 
of typhoid fever, 405 
of typhus fever, 770 
of whooping cough, 470 
of yellow fever, 830 
Epidermophytid, 642 
Epidermophy ton, 637 
E. cruris, 646 
E- floccosum, 646 
E. inguinale, 646 
E. purpureum, 647 
E. rubrum, 647 
Equine encephalomyelitis, 838 
immunity to, 841 
in animals, 838 
in birds, 838 
in man, 840 
transmission of, 840 
virus of, 839 
Equivalence zone, 272 
Erosio interdigitalis, 662 
Erysipelas, swine, 618 
streptococci and, 327 
Erysipeloid, 617, 619 
Erysipelothrix erysipeloides, 617 
muriseptica, 617 
porci, 617 
suis, 617 

rhusiopathiae, 617 
Erythema arthriticum epidemicum, 614 
multiforme, 614 
Erythrasma, 613 

Erythrocytes, fate of, in blood-plate hemol- 
ysis, 179 

hemolysis of, 178 
specificity of, in hemolysis, 180 
Erythrogenic toxin, 320, 331 
Escherichia coli, 370. See also Bad. coli. 
Essential substances for growth, 119 ^ 

Esterification of antigens, 248 
Estivo-autumnal malaria, 724 
Ethyl alcohol, bactericidsil activity of, 68 
formation of, 106 
ether, bactericidal activity of, 68 
Etiology of disease, indirect evidence in, 
171 

proof of, 170 
Eubacteriales, 163 
Eumycetes, 620 
European blastomycosis, 652 
typhus fever, 770 

Excreta, contamination of water by, 222 
Exoerythrocytic stage of malarial parasites, 
722 
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Exotoxiiis, 129, 173 

action of forinaldtdjyd*^ on, 175 
characteristics of, 173 
nature of, 174 
neutralization of, 174 
potency ol‘, 174 
properties of, 174 
Experimental epidemiology, 2! 1 
External defenst's, 194 
ICye worm, 760 


Facui/cativk anaerolx^s, 90 
Facultative autotrophes, 93, 158 
Falciparum malaria, 724 
Farcy, 545 

Fasciola hepatica, 735 
Fasciolopsis buski, 734 
Fatigue, resistance and, 194 
Fats, decomposition of, 112 
Favic chandelier, 624 
Favotrichophy ton violaeeum, 645 
Favus, 680 
of dogs,. 646 

Fecal contamination of water, 222 
Feline pneumonitis, 825 
Fermentation, 101-108 
alcoholic, 102 
by Bact. aerogem^s, 375 
by Bact. anthracis, 503 
by Bact. coli, 372 
by Bact. Medlanderi, 379 
by Bact. typhosum, 397 
by Cl. botulimim, 537 
by CL septicum, 523 
by Cl. welcliii, 525 
by dysentery bacilli, 412 
by gonococtais, 352 
by It. iiilluenzae, 462 
by meningococcus, 360 
by Past, pestis, 450 
by Past, tularcnsis, 456 
by pueumococcuB, 338 
by Proteus, 478 
by Pseudomonas, 475 
by staphylococci, 307 
by streptococci, 319 
by V. cholerae, 424 
differential of enteric baettsria, 37 1 
of Salmonella, 389 
effect of synergism on, 137 
in milk, 232 
of alcohols, 106 
of organic acids, 104-106 
optical activity and, 101 
products of, 101 
tube, Durham, 16 
variation in, 146 
varieties of Bact. coli and, 373 
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Kr<‘iri(*atatioii, viiicjgar, 197 
FerrouH carhoaale, oxidation of, 95 
eocpcxiinental infection of, 190 
F<sver blisters, OOO 
Fibrinogen, (ioagulase and, 181 
Fibrinolysin, 182, 819 
nature of, 182 
properties of, 182 
specificity of, 182 
viruUniee and, 182 
Fibroblasts, 289 
Bleld fever, 696 
Fiery stTpent, 761 
Fil^vre boutonneuse, 775 
Fi(>vre typhoide, 401 
Filamentous sulfur bacteria, 98 
Filariasis, 759 
Filter (sandles, 11 
Seitz, 12 
sintered glass, 12 

Filti^rability of pbairopneinnonia-like or- 
ganisms, 495 

Filt<n*al>le forms and G colonics, 154 
of bactexia, 151 
hemolysins, 177 

viruses, 780-801. See also Viruses* 
FiltraM^. disease, 862 
Filtration, 11, 788 
sterilization by, 11 
Fistula of withers, 442 
Fixe<l macrophages, 289 
virus, 852 
Flagella, 41 
action of, 42 

environmental modifications of, 148 
H-0 variation and, 155 
number of, 48 
origin of, 42 

phase variation and, 155 
position of, 42 
staining of, 38 

Flagellar antigens, dissociation and, 155, 
401 

non-specific, 155, 383 
of Proteus, 479 
of Salmonella, 882 
of vibrios, 428 
sp<K;iflc, 155, 383 
Flagellates, intestinal, 708 
Flash process of pasteurization, 238 
Flatworms, 780 
Flavicidin, 185 
FlavoproUiin enzymes, 84 
Flax, redoing of, 100 
Flexner's hacillus, 414 
Flocculation, Ramon, 252 
Flukes, blood, 736 

Fluorescence of dermatophyte-infected 
hair, 642 


Fluorescent microscopy of tubercle bacilli, 
570 

Fluorine, effect of, 66 
Focal infection, 185 

streptococci and, 326 
Fonsecaea pedrosoi, 628 
Food, bacteriology of, 240-243 
poisoning, 240“-243 
botulism, 241 
ptomaines and, 241 
salmonella, 248 
staphylococcus, 242 
types of, 240 

poisons of bacterial origin, 241 
Food-borne infection, 242 
typhoid fever, 405 
Foot-and-mouth disease, 857 

transmission of, by milk, 232 
Fore-milk, bacteria in, 231 
Forest-spring encephalitis, 842 
Formaldehyde, effect of, on toxins, 175, 
255 

oxidation of, 98 
Formic acid, formation of, 104 
oxidation of, 98 
Formol toxoid, 255 
Forssman antigen, 246 
acquiring of, 156 
carbohydrate in, 250 
lipoids in, 250 
Fourneau 309, 712 
Fowl, brucellosis of, 442 
cholera bacillus, 447 
Frambesia tropica, 688 
Frankel's pneumococcus, 386. See also 
Pneumococcus. 

Free macrophages, 289 
receptors, 279 
Freezing and drying, 61 
Frei test, 824 
French disease, 681 

Fresh tissue, use of, in culture media, 26 
Friedlander’s bacillus, 378. See also B. 
friedldnderi. 

Fuchsin, bacteriostatic activity of, 69 
Fugacity, 85 
Fumigacin, 136 
Fumigatin, 136 
Fungi imperfecti, 622 
pathogenic, 597-670 
Fungus infections, summary of, 598 
Fuseaux, 624 
Fusiform bacilli, 489 
Fusiformis fragilis, 490 
F. fusiformis, 490 
F. necrophorus, 490 
F. ramosus, 491 

Fusobacterium plauti-vincenti, 490 
Fusoma cruris, 647 
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G COLONY, 154 
Gafifkya tetragena, 315 
Galactans, hydrolysis of, 100 
Galacturonic acid, 249 
Gallbladder, Bact. typhosum in, 402 
Gallstones, Bact, coli and, 373 
Gambian sleeping sickness, 711 
Gametes, 150 

Gametocytes of malarial parasites, 721 
Gamma globulin, 275 
Gangrene, gaseous, 521—534 
typhus fever and, 770 
Gaseous gangrene, 521—534 
bacterial toxins in, 521 
bacteriology of, 522 
Cl. histolyticum and, 531 
Cl. novyi and, 429 
Cl. septicum and, 522 
Cl. sporogenes and, 532 
Cl. welchii and, 524 
frequency of anaerobic bacilli in, 521 
522 

Gastrodiscoides hominis, 736 
Gastro-enteritis, paratyphoid, 393 
Gelatin liquefaction, 109 
hydrolysis of, 19 
media, 19 

use of, in water analysis, 225 
Genera, bacterial, 164 
General cellular defense, 291 
Generalized infection, 185 
Generic names of bacteria, 164 
Genital tract, bacteria in, 197 
Genes, bacterial, 140 

Gentian violet, bacteriostatic activity of, 
69 

Gentiobiuronic acid, 250 
Geologic formations, water pollution and, 
222 

Gerbille, bubonic plague and, 454 
Germ theory of disease, 5 
Germanin, 712 
Germicide, 63 
Ghinda vibrio, 434 
Giardia lamblia, 708 
Giemsa’s stain, 33 
Gilchristia dermatitidis, 657 
Gilchrist’s disease, 655 
Glanders, 543—549 
bacillus, 543-549 
antibodies to, 548 
classification of, 545 
morphology of, 543 
pathogenicity for animals, 545 
pathogenicity for man, 546 
physiology of, 544 
diagnosis of, 546 
immunity to, 548 
in animals, 545 


Glanders in man, 546 
transmission of, 546 
Glandular fever, 488 
plague, 450 
tularemia, 457 
Glenospora, 611 
Gliocladium fibrialum, 136 
Gliotoxin, 136 

Globulin, antibodies and, 275 
immune, 275 
in bacteria, 55 
Glossina morsitans, 712 
G. palpalis, 712 
Glucodipoids as antigens, 251 
in Salmonella, 382 
4-i6-Glucuronosidoglucose, 249 
6-/9-Glucuronosidoglucose, 250 
Glucose, fermentation of, 102 
Glucosides as antigens, 251 
Glucuronic acid, 249 
Glutamine, streptococci and, 319 
structure of, 124 
d(-) Glutamic acid, 502 
Glycol, propylene, aerosols of, 70 
Glyoxalase, 104 
Goats, brucellosis in, 441 
Gompertz’s law, 191 
Gonidia, 150 
Gonococcus, 350-357 
classification of, 354 
fermentations of, 352 
immunity to, 357 
isolation of, 354 
morphology of, 351 
oxidase reaction of, 353 
pathogenicity for animals, 357 
pathogenicity for man, 354 
physiology of, 352 
resistance of, 352 
staining of, 351 
toxins of, 353 
types of, 353 
variation of, 353 
jronorrhea, 354 

complement fixation test in, 357 
complications of, 354 
immunity to, 357 
in children, 355 
skin test in, 357 
transmission of, 355 
Gonorrhea I pus, gonococcus in, 351 
jrradocol membranes, 788 
drains, mycetoma, 610 
jrram stain, mechanism of, 31 
procedure, 31 
ramicidin, 133 
jrram-negative bacteria, 31 
^ram-positive bacteria, 31 
Iranules, actinobacillus, 616 
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(Jramiles, Bahes-Ernsl, 47 
iii(',lac})romatic, 47 
polar, 47 

( Jranulocy les, 290 
Granuloma inguinale, 824 
CJranulo«e, 47 

Grasshopper mouse, coccidioidomycosis in, 
666 

(h-avis type of diphtheria bacillus, 556 
(Jreat mortality, 448 

(Jr<Hm streptococci, 323. See also Str, vir- 
idans. 

sulfur f)acteria, 93 

( Jround squirrels, Imhonic plague and, 453 
Group agglutinins, 268 
Growth, 49 

accc‘ssory substances, 121 
structure of, 124 
cell sw<i during, 53 
<uirv<*, of batleria, 51 
elfetit of temperature on, 56 
elhusts produced by, 126 
essiintial substances and, 119 
hormones, 121 
initial stationary phase, 52 
logarithmic, 51 
logarithmic death phase, 52 
logarithmic phase, 52 
maximum pH, 64 
maximum stationary phase, 52 
tnaximum temperature for, 57 
metabora; rate during, 54 
minimum pH, 64 
miniitmm temperature for, 57 
morphologic variation during, 53 
negativ<^ acceleration phase, 52 
of bact(‘ria, 36 
of batU/Crial populations, 50 
optirrmm pll, 64 
optimum temperature for, 57 
phase of acxxderated death, 52 
physical elTects of, 130 
positive acsccleration phase, 52 
rate of, 51 

(explanations of, 52 
relation of food concentration to, 118 
requirements of bacteria, 118 
spore formation during, 54 
temperature coellicient of, 58 
Grubyella schoenleini, 645 
Guanine, 55 
Guarnieri bodies, 804 
Guinea pigs, bacteriologically sterile, 159 
worm, 761 


n AGGLUTINATION, 269 
H antigen in typhoid vaccine, 409 
of Proteus, 479 
29 


H antigen of Salmonella, 383 
of typhoid bacillus, 399 
of V. cholerae, 428 
H-O variation, 155 
Haja, 613 

Halogens, effect of, on bacteria, 66 
Hanging block culture, 30 
Hansen’s bacillus, 590-595. See Myco, 
leprae, 

Haptenes, 249 
in precipitin reaction, 273 
lipoid, 250 

polysaccharide, 249, 340 
Haptophore, 279 
Harvest fever, 696 
Hasami fever, 696 
Hauch colonial form, 155 
Haverhill fever, 614 
Haverhillia multiformis, 614 
Heartwater disease, 778 
Heat, dry, effect of, on bacteria, 60 
effect of, on antigens, 245 
formation of, by bacteria, 130 
injurious effects of, 59 
lethal effects of, 58 
mechanism of lethal effects, 60 
moist, effect of, on bacteria, 59 
separation of bacteria by, 23 
Heavy metals, effect of, on bacteria, 65 
proteins, 247 

Hemagglutination by influenza virus, 810 
Hemagglutinins, 267 
cold, 814 

Hematin, H. influenzae and, 462 
Hemiceiluloses, decomposition of, 100 
Hemipyocyanin, 133 
Hemocytoblasts, 290 
Hemoflagellates, 709 
Hemolysins, 177, 319 
filterable, 177 

formation of, 178 
heterogenicity of, 178 
multiplicity of, 178 
nature of, 177 
oxygen sensitivity of, 178 
properties of, 178 

relation to blood-plate hemolysis, 1 79 
immune, 259 
of pneumococci, 339 
of streptococci, 319 
relation of, to virulence, 180 
specificity of, 178 
staphylococcal, 309 
a-Hemolysis, 179 
/S-Hemolysis, 179 
Hemolysis, blood-plate, 179 
by bacterial filtrates, 179 
hot-cold, 178 
immunological, 259 
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Hemolytic streptococci, 322 
Lancefield’s groups of, 322 
systems, 260 

Hemophilic bacteria, 460-474 
Hemophilus bo vis, 465 
H. cams, 463 
H. ducreyi, 473 
H. duplex, 472 
H. gallinarum, 465 
H. hemoglobiuophilus, 463 
H- hemoglobinophilus canis, 463 
H. hemolyticus, 463 
H. influenzae, 460-465 
antigenic structure of, 463 
cultivation of, 462 
in influenza, 809 
morphology of, 461 
pathogenicity for animals, 464 
pathogenicity for man, 464 
physiology of, 461 
relation to influenza, 464 
staining of, 461 
toxins of, 463 
variation of, 463 
varieties of, 462 
virulence of, 464 
H. influenzae suis, 463 
in swine influenza, 812 
H. muris, 465 
H. ovis, 465 
H. parainfluenzae, 463 
H. pertussis, 466-472, See also B. per-- 
tussis. 

H- suis, 463 

Hemorrhagic septicemia, 447 
Bact- coli and, 373 
Hemp retting, 100 
Hepatitis, post-vaccination, 833 
Herd immunity, 206 
Herpes, 806 

cultivation of virus of, 807 
febrilis, 806 
genitalis, 806 
immunity to, 808 
in animals, 808 
in man, 806 

inclusion bodies in, 807 
labialis, 806 
simplex, 806 
tonsurans, 638 
virus of, 807 
zoster, 855 
Herpetomonas, 709 

Heterogenetic antigen, 246, See also Forss- 
man antigen. 

Heterophile antigen, 246. See also Forssman 
antigen. 

Heterophils, 290 
Heterophyes heterophyes, 735 


Heterotroplii<‘ bacb^ria, 97—112 

comparative physiology of, 158 
n-Hexanc, oxidation of, 08 
Hexose diphosphate, 102 
Hexyl resorcinol, ba<5t(U’i<^idal activity of, 
67 

phenol c:oelHcicut of, 77 
Hikojiina type of cholera vibrio, 428 
Hinton test, (>86 

Hippocratic tlu^ory of disease!, l()0 
Hirst’s phenotmtnon, 810 
Hiss and Iluss<4rs Y Bacillus, 414 
Histamine in anaphylaxis, 304 
Hisliocyt(‘s, 280 
Histoplasina capsulatunu 667 
H. pyriforims, 668 
11 istoplasmosis, 668 
History of hacleriology, 1-7 
Hodgkin’s <IiseaH<% 576 
Hofmann’s bacallus, 567 
Hofmeist<*r series and toxicity, 6(> 

Hog chol(Ta bacillus, 304 
Homeopathy, 160 
Hookworm disease, 752 
Hookworms, 751 

of lower animals, 754 

Hormodendrum, chrouioblastomycosis and, 
629 

reproductive structures of, 623 
Horae syphilis, 715 
Host populations, 205 

ago distribution and resistance of, 
215 

extrinsic factors alfecting rcsistanct^ of, 
206 

immunity of, 206 
interaction with parasite, 207 
interrelationships within, 206 
intrinsic factors alfecting rcsistanc,<i of, 
205 

Hot-cold hemolysis, 178, 309 
Hotis test, 232 
Hoyle’s medium, 553 
Humoral immunity, 287 
Humors, doctrine of, 169 
Hydatid disease, 742 
Hydrogen acceptors, 83 

autotrophic oxidation of, 96 
donators, 83 

formation from amino acids, 1 11 
formation in sugar fermentation, 1 07 
hetero trophic oxidation of, 97 
oxidation of, 96 

Hydrogen bacteria, autotrophic, 96 
heterotrophic, 97 
Hydrogen peroxide, effect of, 66 
formation of, 127 

Hydrogen sulfide, formation of, 127 
Hydrogenase, 97 
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llydrogenomonas flava, 96 
H. pantotropha, 96 
H. vitrea, 96 

Hydrolysis of amino acids, 110 
of gelatin, 19 
of lipids, 20, 112 
of polysaccharides, 99 
of proteins, 108 
of starch, 19 
Hydrophobia, 852 

Hydroxy phenol, bactericidal activity of, 67 
Hyperimmunization, 300 
Hymenolepsis diminuta, 745 
H, fraterna, 744 
H. nana, 744 
Hypersensitivity, 301 
forms of, 305 
immunity and, 306 
in man, 304 
inheritance of, 305 
to American blastomycosis, 658 
to Brucella, 443 
to coccidioidomycosis, 666 
to sporotrichosis, 632 
to tubercle bacillus, 581 
to viruses, 799 

Hypertonic solutions, effect of, 64 
Hyper vitaminosis, resistance and, 194 
Hyphae, 620 
sporiferae, 623 
Hyphomycctes, 622 

Hypochlorite, water purification by, 228 
Hypochlorous acid, 66 
Hypothermic factor, 184 
Hypotonic solutions, effect of, 64 


IcB, bacteria in, 223 
Id, 642 

Idiopathic meningitis, 827 
Idiosyncrasies, 251, 304 
Illuminating gas, oxidation of, 98 
Immune reaction of vaccinia, 805 
state, 287-306 
Immunity, 244--306 
acquired, 297 
active, 297 

amounts of antigen required for, 302 

anamnestic reaction in, 300 

antiblastic, 274 

antibody titer in, 300 

antiviral, 797 

cellular, 288 

cellular response in, 291 

cellular theory of, 288 

herd, 206 

humoral, 287 

hyperimmunization in, 300 
hypersensitivity and, 306 


Immunity, local, 294 

dermatophytosis and, 642 
maturation, 190 
Metchnikoff's theory of, 288 
methods of inducing, 298 
natural, 295 

antibiotics and, 295 
of host populations, 206 
passive, 300 

placental transmission of, 300 
pseudo-racial, 189 
racial, 189 

serum globulin in, 276 
tissue, 294 

to actinomycosis, 609 
to African sleeping sickness, 711 
to American blastomycosis, 658 
to amebic dysentery, 704 
to anthrax, 507 
to ascaris infection, 750 
to bacillary dysentery, 421 
to blackleg, 536 
to botulism, 540 
to brucellosis, 446 
to Chagas’ disease, 714 
to cholera, 433 
to coccidioidomycosis, 666 
to common cold, 816 
to dermatophytosis, 642 
to diphtheria, 561 
to equine encephalomyelitis, 841 
to filariasis, 760 
to glanders, 548 
to gonorrhea, 357 
to herpes, 808 
to hookworm diseeise, 752 
to hydatid disease, 743 
to influenza, 811 
to leishmaniasis, 717 
to malaria, 724 
to measles, 818 
to meningococcus, 366 
to paragonimiasis, 733 
to pinworm infection, 749 
to plague, 454 
to pneumococcus, 348 
to poliomyelitis, 850 
to psittacosis, 821 
to rat bite fever, 615 
to relapsing fevers, 677 
to scarlet fever, 330 
to schistosomiasis, 738 
to smallpox, 805 
to sporotrichosis, 632 
to staphylococci, 314 
to superinfection in syphilis, 685 
in tuberculosis, 584 
in virus diseases* 798 
to syphilis, 685 
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Immunity to tetanus, 518 
to trichinosis, 757 
to tuberculosis, 581 
to tularemia, 459 
to typhoid fever, 408 
to typhus fever, 771 
to vaccinia, 805 
to variola, 805 
to virus diseases, 797 
to whooping cough, 471 
to yellow fever, 833 
Immunization, melliods of, 298 
Immunizing disease. Martini’s equations 
for, 210 

Immunological specificity, chemical basis 
of, 247 

haptencs and, 249 
species specificity in, 253 
Immunological types of bacteriophage, 862 
of Bact. alkalesccns, 417 
of Bact. ambiguum, 416 
of Bact. dispar, 417 
of Bact. flexneri, 414 
of Bact. friedllinderi, 379 
of Bact. shigae, 413 
of Bact. sonnei, 417 
of Brucella, 440 
of B. pertussis, 467 
of Cl. botulinum, 537, 539 
of Cl. scpticum, 524 
of Cl. tetani, 515 
of Cl. welchii, 526 
of gonococcus, 353 
of H. influenzae, 463 
of influenza viriis, 810 
of Lactobacillus, 482 
of meningococcus, 361 
of pneumococci, 340 
of Salmonella, 382 
of staphylococci, 311 
of Vibrio cholerae, 428 
transmutation of, 155 
Immunological variation, 154 
Immunology, 244-306 
phylogenetic relations in, 246 
Imvic reactions, 376 
Inaba type of cholera vibrio, 428 
Inactivation of antisera, 258 
Incidence of disease, 205 
Inclusion bodies in herpes, 807 
in rabies, 853 
in trachoma, 826 
in whooping cough, 468 
intracytoplasmic, 784 
intranuclear, 784 
nature of, 784 

Increased pressures, effect of, 63 
Indicators, list of, 13 
IndieUa, 611 


Indol, test for, 17 
Indoplumol oxidase, 84 
gonococcus and, 352 
Inert bacteria in milk, 234 
Infantile paralysis, 845 
Infeclion, age and resistance to, 190 
air-borne, 201 

channels of Ixansinission of, 199 
congenital transmission in ins(‘otH, 216 
droplet, 201 

epidemiological cliaracter of, 201 
epidemiological types of, 200 
focal, 185 
food-borne, 242 
general iz(;d, 185 

inapparemt and normal antibodie^i*, 296 
inheritexl nwistance t.o, 187 
laUmt, 185 
localiz<^d, 185 
mixed, 186 
pressure, 210 
racial r(!!sistance to, 188 
routes of, 185 
secondary, 186 
sex resistance to, 191 
speci<‘,s resistaruje to, 387 
transmission by ict^, 223 
transmission of, 198 -”217 
Infection-immunity in syphilis, 685 
in tuberculosis, 579 
in virus dis<Mis(^s, 798 
Infectious disc^ase, control of, 215 
jaundice, 694 
monomichiosis, 488 
papilloma, 855 
Inflammation, 290 
Influenza, 808 

A, 811 

B, 811 

bacillus, 460 Se(i also iJ. influenzae, 
bacteria in, 809 
etiology of, 809 
H- influenzae and, 464 
immunity to, 811 
in animals, 810 
seasonal incidence of, 809 
swine, 812 
virus of, 809 
isolation of, 810 
strains of, 810 
Influenzal meningitis, 464 
Infusion media, 18 
Infusionstierchen, 2 
Inheritance of hypersensitivity, 305 
of infection in insects, 216 
Inherited resistance, 187 
Inoculation, animal, methods of, 27 
Insect-borne diseases, control of, 216 
Inspection in milk, control, 237 
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Interference between bacteriophages, 860 
between viruses, 800 
phenomena in precipitin reaction, 272 
Intermedins type of diphtheria bacillus, 
556 

Intermittent sterilization, 9 
Intestinal arnebae, 701-707 
anthrax, 506 
flagellates, 708 
flora, necessity for, 159 
Intracellular toxins, 173 
Intracy toplasmic inclusion bodies, 784 
Intramolecular oxidation, 83 
Intranuclear inclusion bodies, 784 
Invasiveness of bacteria, 177 
Involution forms, 40, 151 
lodamoeba williamsi, 706 
Iodine, tincture, phenol coefficient of, 77 
lodinin, 73 
Iodized proteins, 248 

Ionization, effect of, on toxicity of salts, 
65 

Iron bacteria, 41, 95 
autotrophic, 95 
hetero trophic, 96 
physiologic groups of, 96 
content of bacteria, 54 
Iron porphyrin enzymes, 84 
Irradiation, effect of, 62 
Iso-antibodies, 246 
Iso-antigens, 245 
Isolation of pure cultures, 21 
Isoprophyl alcohol, disinfectant, action of, 
68 

Italian disease, 681 


Jail fever, 770 
Japanese encephalitis, 841 
flood fever, 777 
seven-day fever, 696 
Johne’s bacillus, 595 
disease, 595 
Johnin reaction, 596 
Jungle yellow fever, 832 


K AFIBPOX, 803 
Kahn test, 686 
Kala-azar, 716 

Kangaroo rat, coccidioidomycosis in, 666 
Kedani fever, 777 
Kefir, 233 
Konya fever, 775 

Keratin, digestion of, by dermatophytes, 
632 

Kerato-conjunotivitis, epidemic, 856 
Keratodermia plantare sulcatum, 613 
Kerion, 641 


Klebs-Loffler bacillus, 550. See also C. diph- 
theriae. 

Klebsiella pneumoniae, 378. See also Bad. 

friedldnderi. 

Kline test, 686 

Koch's postulates, 169 

Koch-Weeks bacillus, 465 

Kolmer complement fixation test, 686 

Koumiss, 233 

Kupffer cells, 289 

Kmthia zenkeri, 477 


L strains of pleuropneumonia-like organ- 
isms, 499 

LDfio dose, definition of, 172 
Lactic acid, formation of, from methyl gly- 
oxal, 104 
milk, 233 

reduction to propionic acid, 105 
Lactobacillus, 481-486 
L. acidophilus, 482 
L. bifidus, 483 
L. bulgaricus, 483 
L. exilis, 483 

Lactobacillus, acid tolerance of, 64 
antigenic structure of, 482 
classification of, 481 
immunological types of, 482 
in dental csiries, 484 
in milk, 233 
morphology of, 481 
Lakes, bacteria in, 219 
Lamb-dysentery bacillus, 526 
Lamziekte, 540 

Lanolin, neutralization of diphtheria toxin 
by, 555 

Latent infection, 185 
Latent period, effect of heat on, 59 
Latent period, in bacterial growth, 53 
Latent syphilis, 684 
Lattice hypothesis, 284 
L.C.L. bodies of psittacosis, 822 
Lead acetate agar, 20 
Legumes and nitrogen fixation, 115 
Leishmania braziliensis, 719 
L. chagasi, 718 
L. donovani, 715 
L. infantum, 718 
L. tropica, 718 
Leishmaniasis, 716 
Leistungskern, 278 
Lens protein, 246 
Leproma, 592 

Leprosy bacillus, 590. See also Myco. leprae. 
Leprosy, immunity to, 594 
forms of, in man, 592 
rat, 595 

transmission of, 593 
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Leptomonas, 709 
Leptospira, 692-697 
Lept. australis A, 697 
Lept. australis B, 697 
Lept. autumnalis, 696 
Lept. bataviae, 697 
Lept. biflexa, 697 
Lept. canicola, 695 
Lept. grippo-typhosa, 696 
Lept. hepdomadis, 693 
Ijcpt. icterohemorrhagiae, 694 
Lept. javanica, 693 
Lept. mezzana, 693 
Lept. pomona, 697 
Lept. pyrogenes, 697 
Lept. sejroe, 696 
Leptospira, cultivation of, 692 
morphology of, 692 
pathogenicity of, 692 
Leptospirosis, 692 
Leptothrix ochracea, 96 
Lethal effects of heat, mechanism of, 60 
Lethargic encephalitis, 843 
Leucocidins, 180, 319 
demonstration of, 180 
effect of, 180 

relation of virulence to, 181 
Leucocytes, enzymes of, 266 
function of, in immunity, 289 
in milk, 237 
phagocytosis by, 263 
Leuconostoc, 340 
Leukins, 265 

Levulans, hydrolysis of, 100 
Lf dose, definition of, 257 
Life cycles, bacterial, 149 
evidence for, 150 
filterable forms in, 151 
of Ascaris, 750 
of D. latum, 745 
of E. histolytica, 702 
of hookworms, 751 
of leishmaniasis, 716 
of malarial parasites, 719 
of P. westermani, 730 
of Rhizobium, 150 
of S. mansoni, 736 
of T. solium, 739 
of Trichinella, 756 
of trypanosomes, 709, 710, 713 
of Wuchereria, 758 
Light, effecit of, 61 
formation of, by bacteria, 130 
Limberneck, 540 

Limestone, penetration of, by bacteria. 
222 

Lipases, bacterial, 112 
Lipochromes, 128 
Lipoid antigens, 251 


Lipoid content c)f bacteria, 55 
haptenes, 250 

Lipoids in tubercle bacilli, 573 
lapolysis, media for, 20 
Lipo vaccines, 300 
Listcrella inonocytogem^s, 487 
I^isterellosis, 487 
Listeria, 487 

Litmus milk, reactions in, 17 
Littoral ctdls, 289 
Livcvr rot, 735 
Loa loa, 760 

Ijo dose, (hilinition of, 257 
Lobar pneumonia, pneuinococcns in. 336 
Local anaphylaxis, 303 
c<41iilar (hd'ense, 290 
immunity, 294 

d(irinalophy tosis and, 642 
Localization, <ihHJtiv<’!, 185 
Localized infection, 185 
Lblllcr’s m<Hliiim, diphtheria bacilhiH aruL 
552 

Logistic growth curve, 51 
Loik’! Star fever, 776 
Lopbotrkdious llag(4Ia, 43 
Looping ill, 843 
Lowensbun’s medium, 572 
I.r dose, definition of, 257 
Luciferase, 130 
Lticilerin, 130 
LnmineH(;en(;(i, 1 30 
Lumpy jaw, 606 

IjxmgworrnR, transmission of awine iotlu- 
onza by, 813 
Lupxis vulgaris, 492 
I..ymphoblasls, 290 
Lymphocytes, 290 
Lymphocytic choriomeningitis, 827 
epidemiology, of 828 
in animals, 828 
in man, 827 
virus of, 828 

Lymphogramiloma inguinale, 824 
Lymphogranuloma venereum, 823 
Lymphoid cells, 290 
Lymphoid-macrophage system, 290 
Lymphopathia venereum, 823 
Lyophile proc<iS8, 61 
Lyotropic scries and toxicity, 66 
Lysins, 258 
definition of, 253 
function of, in immunity, 263 
Lysis by fibrinolysin, 164 
of bacteria by antibodies, 238 
Lysogenic strains of bacteria, 864 
Lysol, bactericidal activity of, 67 
Lysozyme, 195 
Lytic antibodies, 258 
Lytic reaction, mechanism of, 259 
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IVI ANTIGEN of Brucella, 440 
of H. influenzae, 463 
of streptococci, 222 
MLD, 174 

Macrogametocytes of malarial parasites, 
721 

Macrophages, 289 

origin of antibodies in, 291 
system of cells, 290 

Macroscopic morphology of bacteria, 37 

Madura foot, 609 

Madurella mycetomi, 611 

Maduromycosis, 611 

Magnesium content of bacteria, 54 

Mai de pinto, 690 

Malabar itch, 647 

Malachite green, bactericidal activity of, 68 
Malaria, 718-728 
control of, 725 
epidemiology of, 725 
equations. Boss, 210 
of lower animals, 728 
prophylaxis of, 727 
Malarial parasites, 719 
Malassczia furfur, 647 
Malignant pustule, 506 
Malignant smallpox, 803 
Malignant tertian malaria, 724 
MaUidn test, 547 

Malleomyces mallei, 545. See also Glanders 
bacillus. 

M. whitmori, 549. See also B. whilmori. 
Malnutrition, resistance and, 193 
Malta fever, 437. See also Brucellosis. 
Manchurian typhus, 772 
Manganese, oxidation of, 95 
Mansonella ozardi, 761 
Mantoux test, 583 
Marseilles fever, 775 

Martini’s equations for immunizing disease, 
210 

Maasauah vibrio, 434 
Mastigophora, 708 
Mastitis, 232, 237 
Bact. coli and, 373 
brucellosis and, 444 
Maturation immunity, 190 
Maximum temperature, 57 
Measles, 816 
bacteria in, 817 
immunity to, 818 
in animals, 817 
in man, 816 
virus of, 817 

Media, preparation of, 12 
Median lethal dose, 172 
Medical mycology, 597-670 
Mediterranean fever, 437. See also Bru- 
cellosis. 


Megatrichophyton megnini, 646 
M. roseum, 646 

Melbourne strain of influenza virus, 811 
Membrane, cell, 46 
Membranous croup, 558 
Membranous rhinitis, 558 
Meningitis, 357 
acute aseptic, 827 
brucellosis and, 443 
diphtheritic, 558 
gonorrheal, 354 
herpes and, 806 
idiopathic, 827 
influenzal, 464 

meningococcus, 361. See also Meningo- 
coccus meningitis. 
torula, 654 
tuberculous, 578 
Meningococcus, 357-367 
antisera to, 366 
autolysis of, 360 
carriers of, 363 
classification of, 360 
extension of infection by, 362 
fermentations of, 360 
immunity to, 366 

invasion of central nervous system by, 
362 

meningitis, carrier rate in, 363 
case fatality rates in, 364 
control of, 363 
epidemiology of, 363 
experimental reproduction of, 365 
in military populations, 364 
route of infection in, 361 
seasonal incidence of, 363 
serum treatment of, 366 
vaccination in, 367 
morphology of, 358 
pathogenicity for animals, 365 
pathogenicity for man, 361 
physiology of, 359 
staining of, 358 
toxins of, 360 
type incidence of, 361 
types of, 361 
variation of, 360 

Meningo-encephalitis, brucellosis and, 443 
Meningopneumonitis, 823 
Mercuric chloride, phenol coefficient of, 77 
Mercurochrome, bactericidal activity of, 67 
phenol coefficient of, 77 
Mercurophen, bactericidal activity of, 67 
Mercury salts, effect of, 65 
Merozoites of malarial parasites, 721 
Merphenyl nitrate, phenol coefficient of, 77 
Merthiolate, bactericidal activity of, 66 
phenol coefficient of, 77 
Mesenchymal cells, 290 
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Mesophilc, 57 
Metabiosis, 131 
Metabolism, bacterial, 80-1311 
of bacteriophage, 861 
of viruses, 781 

Metacercariac of paragoriirmis, 733 
Metachroxnatic granules, 4-7 
in C. diphtberiae, 551 
in meningococcus, 358 
Metals, oligodynamic action of, 65 
Metaphen, bactericidal activity of, 66 
phenol coefficient of, 77 
Metazoa, parasitic, 730-761 
Methane, oxidation of, 98 
Methods of studying bacteria, 8-35 
Methyl alcohol, disinfectant action of, 68 
oxidation of, 98 

Methyl glyoxal in bacterial fermeiUutions, 
104- 

Methyl red test, 375 

Methyl violet, bacteriostatic activity of, 
69 

Mebhylation of antigens, 248 
Methylene blue reduction by xxiilk, 236 
Microbactcrium multiformc psittacosis, 
820 

Microbic dissociation, 152 
Micrococcaceae, 310 
Micrococcus, 38, 314 
M. aquatilis, 219 
M. candicans, 219 
M, gazogenes, 368 

M. gonorrheac, 350. See also Gonococcus. 
M. intracellularis meningitidis, 358. 
also Meningococcus. 

M. lanceolatus, 336. See also Pneumo- 
coccus. 

M. lysodeikticus, 195 
M. melilensis, 437. See also Br. melUensls. 
M. meningitidis, 358. See also Meningo- 
coccus. 

M. parvulus, 368 

M. pneumoniae, 336. See also Pneumo- 
coccus. 

M. tetragenus, 315 
Microgametes, 150 

Microgametocytes of malarial parasites, 
721 

Micromanipulator, 22 
Micron, 36 
Mxcrophages, 289 
Microscope, darkfield, 40 
electron, 41 
limits of resolution, 40 
ultra-, 40 

Microscopic examination of bacteria, 29 
Microscopic morphology of bacteria, 37 
Microsporid, 642 
Microsporon furfur, 647 


Microsporoii niiniitissinumii. <>13 
Mi<X()sporum, 63(> 

M. audouini, 644 
M. <ianinum, 644 
M. can is, 644 
M, fclineuin, 641- 
M. fxilvum, 641- 
M. gypsxnim, 641 
M. lunosurn, (>14 

Middle type of ciholern vibrio, 428 
Mid-piece of cortipltutient, 262 
Milieu (hi: consc-rvation, 631 
d’6pr(mv(\ 626 

Milk, «xIcoh()li(* ffirnxentation of, 233 
alkali-formiug bachTia m, 233 
bactoicidal prop(‘rty of, 2.34 
bac(,(‘ri<)logy of, 231 240 
Batd,. (H>li count of, 236 
o(ill count of, 237 
ccrtiluMj, 237 
cooling of, 234 

deterrnirxation of (juality of, 235 
dis(xas(!s of, 234 
hygienic control of, 237 
imxrt bacteria in, 23-t 
isolation of pathog<‘nic baelxTia from, 
236 

|jaetoha<*.illus in, 233 
litmus r(‘actioi]is, 17 
media, 17 

inethyhuK’! bliui n‘du<i:tion by, 236 
xnicros<iopio coutU^ of, 236 
numbers of ha<‘.t<^ria in, 232 
plate <?ounl.H of, 235 
prodnets, 240 

probxolytic haebTia in, 233 
(pnality, regxdation of, 239 
s<ii(lim<int test of, 237 
,sour<H\s of ba<4.(Tia in, 231 
sourc(^H of pathogenhs haci<Tia in, 234 
thermophilic bacb^ria in, 239 
Milzbrand, 501 
Minixixurn lethal dose:, 174 
Minimum teinp<‘rature, 57 
Miracidiuixi of paragonimus, 732 
Mite fever of Sumatra, 777 
Mitis type of diphtheria baciUuH, 556 
Mitochoxidria, 37 
Mitogenetic rays, elTeet of, 62 
Mixecl cultxirea, bacterial acjtivity in, 130 
Mixed infections, 186 

bacterial association in, 137 
Mixed vaccines, 300 
Modiheations, environm<5ntal, 143 
Moist heat, sterilizatioxx by, 9 
Molds and mold-like fungi, 620 “650 
antibiotic substances from, 133 
asexual spore formation by, 623 
cultivation of, 625 
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Molds, differential characteristics of, 622 
microscopic examination of, 625 
mycelial strnc lures of, 624 
pathogenic, summary of, 626 
sexxial vspore formation by, 621 
Molecular weight and toxicity of ions, 65 
MoUnscum contagiosum, 855 
Moloney lest, 563 
Monilia albicans, 658 
M. furfur, 647 
M. krusei, 659 
M. parakrusei, 658 
M. stellatoides, 659 
M. tropicalis, 659 
Moniliasis, 661 
Moniliids, 662 
Monoblasts, 290 

Monomethyl phenols, bactericidal activity 
of, 67 

Monomorphisrn, 139 
Mononucleotides, 55 
Monophasic Salmonella, 387 
Monosporium, 612 
Monotrichous flagella, 42 
Morax-Axenfeld bacillus, 472 
Morbidity, variations in, in epidemiology, 
204 

Morbidity rates, specific, 205 
standardized, 205 
Morbus gallious, 681 
Morgan’s bacillus, 480 
Morphologic variation during growth, 53 
stage, Uunporary, 150 
types of bacteria, 37 
Morphology, 36 
aberrant, 150 

abnormal, explanation of, 151 
colonial, 48 

on differential media, 48 
I’actors affecting, 48 
(1 colonies, 154 
II-O variation and, 155 
of S and R variants, 153 
of bact<‘ria, 37 
of grou|)S of cells, 37 
of individual cells, 39 
life cycles and, 150 
normal, 141 

Mortality, climate and, 192 
raUis, specific, 205 
standardized, 205 
season and, 192 

variations in, in epidemiology, 204 
]\Toscow typhus, 772 
Mossman fever, 697 
Motility, 41 

and H-O variation, 155 
and S-R variation, 155 
factors affecting, 42 


Motility, observation of, 29 
rate of, 42 

Mouse encephalomyelitis, 852 
pneumonitis, 825 
Mouth amebae, 707 
Mouth, bacteria in, 196 
Movement, post-fission, 39 
of R variants, 153 
Much granules, 571 
Mucous membranes, moniliasis of, 66 1 
Mucus, removal of bacteria by, 196 
Mud fever, 696 
Multiceps tapeworms, 743 
Mumps, 818 
Murimyces, 499 
Murine typhus, 771 
Musculomyces, 500 
Mutations of bacteria, 142 
of viruses, 796 
Mycelium, 620 
en raquette, 624 
Mycetoma, 609 
Mycid, 642 

Mycobacterium, 569-596 
Myco. avium, 569 
Myco. butyricum, 596 
Myco. chelonei, 584 
Myco. leprae, 590-595 
cultivation of, 591 
morphology of, 590 
Myco. leprae murium, 595 
Myco. marinum, 596 
Myco. para tuberculosis, 595 
Myco. phlei, 596 
Myco. piscium, 596 
Myco. ranae, 596 
Myco. smegraatis, 596 
Myco. thamnopheos, 596 
Myco. tuberculosis, 569-590 
antibodies to, 581 
chemical composition of, 573 
hypersensitivity to, 581 
immunity to, 581 
in milk, 231 
morphology of, 569 
pathogenicity for animals, 585 
pathogenicity for man, 575 
physiology of, 571 
staining of, 570 
var. bovis, 569 
var. hominis, 569 
variation of, 574 
My coderma dermatitidis, 657 
Mycolic acid, 574 
Mycology, medical, 597-670 
Mycotorula, 660 
Myeloblasts, 290 
Myeloid cells, 290 
Myxobacteriales, 164 
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Naga^na, 715 
Nagler reaction, 527 
Nanukayami, 696 

Naphthaqninones, growth promotion by 
73 

Naphthene, oxidation, 98 
Nasal diphtheria, 558 

Nasopharynx, removal of bacteria from, 
196 

Natural antibodies, 296 
Natural immunity, 295 
antibiotics and, 295 
Necator americanus, 751 
Necrobaeillus, 489 
Necrotizing factor, 184 
Necrotoxin, 184 
Negri bodies, 853 
n-hexane, oxidation of, 98 
Neill’s medium, 553 
Neisser-Wechsberg phenomenon, 260 
Neisseria, 350-368 
N. eatarrhalis, 367 
N. discoidcs, 368 
N. flava, 368 
N. flavescens, 368 

N. gonorrheae, 350-357, See also Gono- 
coccal, 

N. intracelhilaris, 357-367. S(ie also 
Men ingococcus. 

N. meningitidis, 357-367. See also Men- 
ingococcus, 

N. orbiculata, 368 
N. perflava, 368 
N. reniformis, 368 
N. sicca, 367 
N. subflava, 368 
Nematoda, 747 

Neo-endothrix type, of dermatophyte, 636 
Neotrichophyton Ilavum, 646 
Neurosyphilis, 684 
Neutralization test, viruses and, 798 
Neutralizing antibodies, 254, 274 
New tuberculin, 582 
Newcastle dysentery bacillus, 415 
Nicotinic acid, bacterial growth and, 121 
C. diphtheriae and, 553 
Proteus and, 478 
staphylococci and, 280 
structure of, 124 
Nine-mile fever, 776 
Nippostrongylus muris, 754 
Nitrate, anaerobic reduction of, 82 
broth, 16 
reduction test, 16 

by sulfur bacteria, 92 
Nitrated proteins, 248 
Nitrification, 91 
^Nitrifying bacteria, 91 
A in water, 219 


Nitrite, formation of, 16 
oxidation of, 91 

Nitrobacter, <ailtural charnel eristic's of. <^2 
ellicieruiy of, 91 
in water, 219 
isolation of, 92 
o.xidation of nitrite' by, 91 
Nitrogen content of l>a<4(‘ria, 55 
Nitrogen lixation, 113 117 
by Azotobac'.tc'r, 1 13 
by Cl. pastorianum, 113 
mechanism of, 1 14 
ayujbiotic, 115 

Nilrogen-lixing bii<^f(a*ia in water, 210 
Nilroso rt'-aetiou, 91 
Nilrosocotuais riitrosus, 92 
Nitro.soeoccus, tailtural cbara<'teristi(*H (4’, 
92 

isolation of, 92 
morphology of, 92 
oxidation of ammonia by, 91 
sp(Kiies of, 92 
Nitrovsornonas (mropa, 92 
Nitrosomonas, (udtural c.haracteristics of, 
92 

eHiciency of, 91 
in water, 2 1 9 
isolation of, 92 
morphology of, 92 
oxi<lalion of aatirnonia by, 91 
spec'ies of, 92 

Nocardia, 601. S(H' also Aclinomyces. 
Nodular organs, of mohls, 624 
Nodules, leaf, 1 17 
root, 117 

Nomenclaluri^, bactCTial, 164 
Non-protcin antigens, 251 
Non-septa to rnycelium, 621 
Non-specific protean tlu'rapy, 300 
Non-spore-forming anaerobk'. bacilli, 489 
492 

Normal flora of body, 197 
Nose, removal of bacteria from, 195 
Nostoc, nitrogen fixation by, 117 
Notatin, 135 

Nucleic acids in l>acteria, 55 
Nucleoprotein in bacteria, 47, 55 
Nucleosides, 55 
Nucleus, theories of, 47 
Nutrient broth, 13 
Nutrition, resistance and, 193 
Nutritive requiromenls, adaptation in, 147 
bacterial, 117-126 
of Azotobacter, 114 
of B. pertussis, 467 
of Bact. coli, 371 
of Bact. friedlanderi, 379 
of Bact. typhoaum, 397 
of Brucella, 439 
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Nutritive requirements of Cl. botulinum, 
537 

of Cl. sporogenes, 533 
of diphtheria bacillus, 553 
of dysentery bacilli, 412 
of gonococcus, 352 
of meningococcus, 359 
of Past, pcstis, 450 
of Proteus, 473 
of Salmonella, 381 
of staphylococci, 308 
of streptococci, 318 
of tub(^r(5le bacilli, 572 
phylogenetic d(‘generation and, 158 . 
toxin production and, 176 
Nutritive substances, jS-alanine, 121 
building stones, 118 
catalysts, 123 
classilication of, 117 
co(‘.nzymes, 122 
concentration of, 118 
essential compounds, 120 
nicotinic acid, 121 
pantothenic acid, 122 
pimelic acid, 121 
pyrimidine, 123 
rihollavin, 122 
sources of energy, 118 
thiamin, 121, 123 
thiazole, 123 
vitamins, 121 


O AGGLUTUNTATION, 269 
O antigen in typhoid vaccine, 409 
of Salmonella, 383 
of V. cholerae, 428 
OT, 582 

Obligate aerobes, 89 
Obligate anaerobes, 90 
Ogawa type of cholera vibrio, 428 
Otmo Ilauch colonial form, 155 
Oidia, 621 

Oidium albicans, 659 
derma titidis, 657 
Old tuberculin, 582 
Oligodynamic action of metals, 65 
Onchocerca volvulus, 761 
Onychomycosis, 642 

Onychomys torridus, coccidioidomycosis 
in, 666 

Oocyst of malarial parasites, 721 
Oogonium, 622 

Ookinete of malarial parasites, 721 
Ophthalmia, gonorrheal, 356 
Opisthorchis felineus, 736 
O. viverrini, 736 
Opsonic activity, nature of, 266 
Opsonic index, 263 


Opsonins, 263 
action of, 263 
complement and, 266 
definition of, 254 
function of, in immunity, 288 
immune, 265 

measurement of, by dilution, 263 
normal, 265 

phagocytic index and, 263 
Opsonocytophagic test for Brucella, 441 
Optical activity of fermentable sugars, 101 
Optimum temperature, 57 
Orchitis, brucellosis and, 443 
Organ specificity, immunological, 247 
Organic acids, fermentation of, 104-106 
Oriental sore, 719 
Origin of antibodies, 291 
Original type of cholera vibrio, 428 
Ornithosis, 823 
Oroya fever, 492 
Osmotic pressure, effect of, 64 
Osteomyelitis, Bact. typhosum in, 402 
experimental production of, 313 
staphylococci and, 312 
Otitis media, H. influenzae and, 464 
typhus fever and, 770 
Otomycosis, 628 

Oxalacetic acid oxime in nitrogen fixation, 
117 

Oxazins, bactericidal activity of, 68 
Oxford unit, of penicillin, 135 
Oxidase reaction of gonococcus, 353 
Oxidases, 84 
Oxidation, anaerobic, 82 
intramolecular, 83 
of amino acids, 111 
of ammonia, 91 
of benzol, 98 
of carbohydrates, 101 
of carbon monoxide, 97 
of cyclohexane, 98 
of 1,3-dimethylcyclohexane, 98 
of hydrogen, 96 
of methane, 98 
of naphthenes, 98 
of n-hexane, 98 
of nitrite, 91 
of paraffin oil, 98 
of phenol, 98 
of pyrocatechin, 98 
of sulfides, 93 
of sulfur, 93 
of tetrathionate, 93 
Oxidation-reduction potential, 85, 90 
theory of anaerobiasis, 90 
Oxidation-reduction systems, disinfectaiits 
and, 65 

Oxidations, efficiency of, 84 
Oxidative deamination. 111 
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Oxidizing agents, effect of, 66 
Oxygen, absorption of, 25 

relation of bacterial growth to, 89 
toxicity of, 90 

Oysters, typhoid fever and, 405 
Ozena bacillus, 380 
Ozone, effect of, 66 


pH, 13 

agglutination and, 271 
effect of, on disinfectants, 64 
effect of, on growth, 64 
effect of, on reduction potential, 86 
PPD, 582 

PR.8 strain of influenza virus, 811 
Pallidoidosis, 691 
Pandemic disease, 199 
Panki, 613 

Pantothenic acid, 121, 122 
C. diphtheriae and, 553 
streptococci and, 319 
structure of, 124 
Pappataci fever, 835 
Pappenheim's stain, 33 
for gonococci, 55 
p-aminobenzene sulfonamide, 71 
p-aminobenzoic acid, 72 
structure of, 124 
Para-botulinus bacillus, 538 
- Paracoccidioides brasiliensis, 667 
Paracoccidioidomycosis, 667 
Paracolon bacilli, 374 
Paraffin oil, oxidation of, 98 
Paraffinbakterien, 98 
Paragonimiasis, 733 
Paragonimus westermanni, 730 
Para-influenza bacilli, 463 
Para-pertussis bacillus, 468 
Parasite population, 203 

interaction with host, 207 
Parasitic protozoa, 701—729 
Parasitism, 158 

Parasitology, medical, 700-761 
Paratyphoid bacilli, 381. See also Salmon- 
ella. 

Paratyphoid fever, 391 
prevalence of, 407 
seasonal incidence of, 406 
Paratyphoid gastro-enteritis, 393 
Paratyphus Na, 393 
Paravariola, 803 
Parotitis, 818 
Partial antigens, 249 
Passive immunity, 300 
Pasteurella, 447-459 
Past, avicida, 447 
Past, aviseptica, 447 
P^t. bollingeri, 447 


Pasteurella boviseptica, 447 
Past, cuniculicida, 447 
Past, lepiseptica, 447 
Past, muricida, 447 
Past, muriseplica, 447 

experimental epide**ii<!s of, 211 
Past, pcstis, 448-455 
immunity to, 454 
morphology of, 449 
nutritive requiremcnta of, 450 
pathogenicity for animals, 451 
pathogenicity for man, 450 
physiology of, 450 
staining of, 449 
toxins of, 450 
Past, pluriseptica, 447 
Past, pseudo tuberculosis, 455 
Past, suilla, 447 
Past, suiseplica, 447 
Past, till are nsis, 455—459 
immunity to, 459 
morphology of, 456 
pathogenicity of. 457 
pliysiology of, 456 
staining of, 456 
Past, cur iza lion, 5, 60, 238 
Patch test, tulx'ircmlin, 583 
Pathogenic yeasts, summary of, 652 
Pathogeniiuty, delinition of, 172 
degeneration and, 158 
relative, 184 
PatliologisPs wart, 576 
PaUilin, 136 
Paul’s test, 804 
l^aul-Bunnell test, 488 
Pauling theory of antibody formation, 276 
PecLinase, 100 

Pectinate bodii^s, of mohls, 624 
Pectins, decomposition of, 100 
j^enatin, 135 
Penicidin, 135 
Penicillio acid, 135 
Penicillm, 134 
Penicillin B, 135 
Penicilliiim, 621 

P. chrysogenum, 134 
I^. citrinum, 136 
P. claviformc, 136 
P. no ta turn, 134 
P. patulum, 136 
P. puberulum, 135 
P. spinulosum, 136 
in maduromycosis, 611 
reproductive structures of, 623 
Pentamethyldiamine, formation of. 111 
Pentosans, hydrolysis of, 100 
Pepper water, bacteria in, 2 
eptonization, 17, 234 
Pericytes, 289 
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Periostitis, staphylococci and, 312 
Peritrichons lla^ella, 43 
Perleche, 662 
Perlsucht disease, 585 
Pernicious malaria, 724 
Pen )^^na thus, coccidioidomycosis in, 666 
l*eroxi<lase, 84 
Peroxi<l<% f(»rmafcion of, 90 
sensitivity to, 90 
Pestis minor, 451 
Pe troll’s medium, 572 
PfeilTer phenomenon, 258, 434 
Pfeiller’s bacillus, 461. See also H. influen- 
zae. 

PfcilTerclla mallei, 545. See also Glanders 
bacillus. 

Phage, 858. See also Bacteriophage. 
Phagooyltis, 263 

Phagoc'.ytic cells, classilication of, 289 
Phagocytic index, 263 
Phagocytosis, hactcriophage and, 264 
cafwules and, 264 
complement and, 267 
elTeot of age on, 264 
e.ltect of disease on, 264 
factors inlluencing, 263 
fate of ingested bacteria in, 265 
mechanism of, 265 
proc(ws of, 265 
rOle of calcium in, 264 
virulence and, 264 
Phase variation, 155 
Phenol, bactericidal activity of, 67 
flagellar antigens and, 383 
oxidation of, 98 

Phenol coellicient, calculation of, 75 
delinition of, 75 

(‘Jbict of bacterial species on, 76 
effect of organic matter on, 76 
end-point, 78 
FDA method, 76 
practical value of, 79 
Heddish method, 75 
Hideal-Walker, 75 
Phialides, 623 
Phlebotomus fever, 835 
Phlebotornus, leishmaniasis and, 718 
Phosphatase test, 238 
l^hosphates and growth, 120 

2- Pbosphoglyceric acid, formation of, 103 

3- Phosphogly ceric acid, formation of, 103 
Phosphopyruvic acid, formation of, 103 
Phosphorescence, 130 

Phosphorus content of bacteria, 54 
Phosphorylation, 102 

in bacterial fermentations, 103 
Photodynamic sensitization, 62 
Photosynthesis, bacterial, 94 
Photosynthetic sulfur bacteria, 93, 94 


Phthiocerol, 574 
Phthiocol, 574 
Phthoic acid, 574 
Phycomycetes, 621 
Phylogeny, bacterial, 157 

immunological aspects of, 246 
Physical characters of viruses, 787 
Physiological complexity of bacteria, 81 
flexibility of bacteria, 81 
groups in classification, 163 
primitiveness of bacteria, 81 
well-being, resistance and, 193 
Physiology, bacterial, 80-138 

comparative, phylogeny and, 158 
normal, 141 

of Actinomyces bovis, 606 
of actinomycetes, 601 
of B. anthracis, 503 
of B. pertussis, 467 
of Bact. aerogenes, 375 
of Bact. coli, 371 
of Bact. typhosum, 391 
of Brucella, 438 
of Cl. botulinum, 537 
of Cl. chauvei, 535 
of Cl. histolyticum, 531 
of Cl. novyi, 529 
of Cl. septicum, 523 
of Cl. sporogenes, 533 
of Cl. tetani, 514 
of Cl. welchii, 525 
of G. diphtheriae, 552 
of dysentery bacilli, 412 
of Erysipelothrix rhusiopathiae, 617 
of glanders bacillus, 544 
of gonococcus, 352 
of H. influenzae, 461 
of meningococcus, 359 
of Past- pestis, 450 
of Past- tularensis, 456 
of pleuropneumonia-like organisms, 496 
of pneumococcus, 338 
of Proteus, 478 
of Pseudomonas, 475 
of staphylococci, 307 
of streptococci, 318 
of tubercle bacilli, 571 
of V. cholerae, 424 
Phytotoxins, 176 
Pigmented bacteria in water, 217 
Pigments, 49 
bacterial, 128 

formation by actinomycetes, 601 
nature of, 128 
of Pseudomonas, 476 
of staphylococci, 307 
production of, factors affecting, 128 
Pimelio acid, 121 

C. diphtheriae and, 553 
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Pink-eye, 465 
Pinta, 690 

Pinworm infection, 74B 
Pityriasis versicolor, 647 
Plague bacillus, 448-455. See also Past 
pedis. 

Plague, epidemiology of, 451 
immunity to, 454 
in animals, 451 
pneumonia, 451 
prevalence of, 448 
syl vatic, 453 
transmission of, 452 
Plant nature of bacteria, 161 
Plant residues, decomposi lion of, 99 
Plaques, bacterial, on teeth, 485 
bacteriophage, 859 

Plasma, clots, solution of, by hbrinolysin 
182 

Plasmochin, 725 
Plasmodium brasilianurn, 728 
P. catherrnerium, 728 
P. cynornolgi, 728 
P. falciparum, 723, 724 
P. gallinaceum, 728 
P. knowlesi, 728 
P, lopburae, 728 
P. malariae, 722, 724 
P. ovale, 723 
P. relic turn, 728 
P. vivax, 719, 723 
Plate counts in water analysis, 225 
Plate cultures, technique of making, 22 
Plating, probability of pure cultures by, 22 
Platyhelminthcs, 730 
quantitative, 23 
Plant- Vincent’s angina, 680 
Pleomorphism, 139 
Pleuropneumonia, 495 
Pleuropncumonia-lik(i organisms, 495-500 
cul tivation of, 495 
fiUtirability of, 495 
morphology of, 495 
pathogenicity of, 500 
physiology of, 496 
species of, 497 
staining of, 495 
strains of, 497 
varieties of, 497 

Pneumobacillus, 378, See also B. fried- 
lander i. 

Pneumococcemia, 344 
Pneumococcus, 336-349 

antisera, standardization of, 349 
bile solubility of, 339 
carriers, 345 
duration of, 345 
incidence of types in, 345 
classification of, 340 


PneiiniococGus, fermentation pro«iu<Jts of, 
338 

immunity to, 348 
morphology of, 337 
pathogenicity for animals, 348 
pathogeni<5ity for man, 344 
physiology of, 338 

pneumonia, active immunization to, 349 
complications of, 344 
epidemiological characteristics of, 346 
epidemiology of, 346 
seasonal inci(len<’(‘, <»f, 347 
therapeutic use of antiserum iia, 349 
polysaccharid(% hydrolysis of, 100 
staining of, 337 
toxins of, 339 

transmutatj'on of typt‘-s of, 155, 343 
types, 340 

incid(inc<i of, 346 
pathogcaiicity of, 344 
transformation of, 155, 343 
typing, 342 
variation of, 343 
Piuiurrjoriia, bacteriology of, 336 
B. friedlandcri and, 380 
blastomyeotie, 657 
herpes and, 806 
primary atypical, 813 
l\s. pyocyanea and, 477 
rickettsiae in, 764 
slaphylocoecd and, 312 
strongyloicI(‘s, 755 
Pneumonic plagues, 451 
Pneumonitis, f<4ine, 825 
human, 823 
mouse, 825 
of pigs, 750 
Polar granules, 47 
Poliomy«‘litis. 845 
antibodies in, 851 
epidemiology of, 847 
immunity to, 850 
in animals, 845 
in man, 845 
prophylaxis of, 851 
seasonal irundemeus of, 846 -847 
virus of, 845 
Poll evil, 442 

Pollution, bacterial indicators of, 219 
of water, 222 
Polyblasts, 290 
Polychrome stains, 33 
Polymorphonuch^ar leucocytes, 290 
Polysaccharide antigens, 251 
in pneumococcus, 340 
content of bacteria, 54 
haptenes, 249 

Polysaccharides, hydrolysis of, 99 
Polyvalent vaccines, 300 
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Pomona Piiver, 697 
PopuIatioriH, hactnriai, ^^rowlh of, 50 
(‘puleriuology and, 203 
variation and, 142, 149 
luKst, 205 

intora<‘tion of host and parasite, 20 
interrelationships within, 206 
maturity of, 205 

tlHM)n'!ti<‘aI analysis of interaction of, 207 
IhhsPlission njovernents, 39 
of H variants, 153 
Postinfeotions encephalitis, 044 
PoslnH)rt(an examination, 2B 
Post-va<u‘imition hepatitis, B33 
PoHtulati'H, Ko<‘h’8, 169 
PtJtasHium <!ontent of bacteria, 54 
Potassium ptTinanganate, 66 
Pot(aiti<d, oxidation-reduelion, 85 
IVausnitz-KiisliKT reac'tiou, 304 
Pr<‘<^ipitat<^ in precipitin reaction, 272 
Precipitin reaction, 271 

inU^rfer(ai<;(^ phenomena in, 273 
r*‘lation of, to aKf?lutinalion, 272 
Pretnpitin t<‘st in forensic m(‘-dicine, 273 
IVe<'ipitinog(‘n, 271 
PnH’ipitins. 271 
dehrjition of, 254 
fun<‘tion of, in immunity, 288 
ndalion to anaphylaxis, 303 
titration of. 272 

Precystit' slaKc of If., histolytica, 702 
Preisv! 'iNo(^ard ba<;illus, 568 
Prestnnptive test in waK^r analysis, 223 
Primary iitypical pneumonia, 813 
Primary coccidioidomycosis, 665 
Pr(»aclinomye<^s, 601 
Proagghitinoi<l zone, 269 
Products of degradation, 126 
of synthesis, 127 
Proglottides of tapeworms, 739 
Progressive coccidioidomycosis, 665 
Prontosil, 71 

Proof agar, Sabonraud’s, 626 
|>ropionic acid, formation of, 105 
Propyl alcohol, disinfectant action of, -68 
l^ropylene glycol, aerosols of, 70 
Protargol, bactericidal activity of, 67 
Proteases, bacterial, 109 
Proteins as antigens, 245 
hydrolysis of, 108 
Protein content of bacteria, 55 
Protein therapy, non-specific, 300 
Protein-sparing effect, 110 
Proteolytic Imcteria in milk, 233 
Proteus, 477-481 
Pr. hydrophilus, 480 
Pr. mirabilis, 477 
Pr. morgani, 480 
Pr. vulgaris, 477 


Proteus vulgaris, in milk, 234 
Pr. zenke.ri, 477 

Proteus, antigenic structure of, 479 
classification of, 479 
fermentations of, 479 
morphology of, 478 
pathogenicity of, 480 
physiology of, 478 
staining of, 478 
typhus fever and, 772 
Prothrombin, relation of complement to, 
262 

Protista, 161 

Protobios bacteriophagus, 862 
Protozoa, parasitic, 701-729 
Prozone phenomenon, 261, 269 
Pseudo-racial immunity, 189 
Pseudodiphtberia bacilli, 567 
Pseudodysentery bacillus, 414 
Pseudomembranous angina, 680 
Pseudomonas, 475-477 
Ps. aeruginosa, 475 
l^s. fluorescens, 475 
in water, 219 

oxidation of methane by, 98 
Ps. jaegeri, 475 
Ps. non-liquefaciens, 475 
Ps, pyocyanca, 128, 475 

oxidation of methane by, 98 
Ps. reptilovorus, 475 
Ps. scptica, 475 
Ps. syncyanea, 475 
Pseudomonas, classification of, 475 
morphology of, 475 
palhogenicity of, 476 
pigments of, 476 
Pseudotuberculosis, 568, 612 
Psittacosis, 819 

epidemiology of, 819 
immunity to, 821 
in birds, 820 
in man, 820 
L.C.L. bodies of, 822 
laboratory diagnosis of, 823 
virus of, 821 
‘sychrophile, 57 
Ptomaine poisoning, 241 
Ptomaines, formation of, 111 
uberulic acid, 136 
Puberulonic acid, 136 

Puerperal sepsis, non-sporulating anaerobes 
and, 491 

streptococci and, 329 
ulmonary anthrax, 506 
ulmonary aspergillosis, 627 
'ulmonary gangrene, non-sporulating an- 
aerobes and, 491 
'lire culture, isolation of, 21 
study of bacteria in, 33 
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Pure culture, probability of, by plating, 
Pure proteins, resistance of, to hydrolysis 
109 

Purification of water suppli(is, 226 
Purified protein derivative of tuberculin 
582 

Purple and green sulfur bacteria, 93, 94 
Putrefaction, 112 
Putrescine, formation of, 111 
Pyemia, 185 
Pyocyanase, 133 
Pyocyanin, 128, 133, 476 
structure of, 129 
Pyridoxine, structure of, 124 
Pyrimidine, 123 

ring in thiamin, 124 
Pyrocatechin, oxidation of, 98 
Pyruvic acid, assimilation of, 119 
decomposition of, 103 
dismutation of, to formic acid, 104 
formation of, 103 
in bacterial fermentations, 104 
oxidation of, to acetic acid, 105 
reduction of, to lactic acid, 104 

Q FEVER, 775 
Quantitative plating, 23 
Quartan malarial fever, 724 
Quarter evil, 534 

Quaternary ammonium base, disinfectant 
action of, 68 
Quell ung reaction, 342 
Quinones, bacteriostatic action of, 73 

R COLONIES, 49 

R variants, characteristics of, 153 
R-S variation, 152 
Rabbit fever, 455 
Rabbit syphilis, 691 
Rabbits, brucellosis of, 443 
Rabies, 852 
in animals, 852 
in man, 853 
inclusion bodies in, 853 
laboratory diagnosis of. 853 
prophylaxis of, 854 
transmission of, 853 
virus of, 852 
Rachmat infection, 696 
Racial immunity, 189 
resistance, 188 
Radiation, effect of, 62 
Radio waves, effect of, 62 
Radium emanations, effect of, 62 
Ramibacterium ramosum, 491 
Ramon flocculation, 257 
Raquet mycelium, 624 
Rat leprosy, 595 


Rat virus, 354 
Rat-bite fever, 614, 697 
Rates, contact in cspidianic vvav<‘, 208 
specific, 205 
standardized, 205 
Batin, 894 

Bats, brucellosis of, 443 
bubonic plague and, 451 
Bay fungus, 602 
Beagin, sypliilitie, 686 
Beagins, 305 
Beceptor theory, 278 

diagrammatic*, r(‘pres<*ntation of, 279 
Beceptors, cell, 278 
orders of, 279 
Red fever of C’ongo, 772 
Red-leg diseasrj of frogs, 480 
Red milk, 234 

Red sore disease of pike, 480 
Rediac of paragonimus, 732 
Reducing intensity, 85 
Reduction, amu'xohic, 82 

potential, anuerobiasis and, 90 
of bacteria, 89 
Reh’s test, 561 

Relapsing fiwera, immunity to, 677 
spiroeludes of, 674 -OBO 
transmission of, 678 

Relation of bat;t(‘.ria to dis(MiK<% 169-197 
Reimin <air<l, 17 
Reproductive mycelium, 621 
Resazuriu b^st, 213 
Resi<hial typhoid fiwer, 406 
Residue antigens, 249 
Resistamse, 186-197 
androgens and, 190 
climate and, 192 
common antigens and, 296 
conjunctivae and, 195 
fatigue ami, 194 
gaslro-inleHtinal tract and, 196 
inherited, 187 
maturation and, 190 
natural immunity and, 295 
normal antibodies and, 296 
nutrition and, 193 
of host populations, 206 
of man to pneumonia, 344 
physiological well-being and, 193 
racial, 187 
season and, 192 
sex and, 191 
skin and, 195 
species and, 187 
thermal, of bacteria, 59 
to disease, 186-197 
to virus infection, 800 
upper respiratory tract and, 195 
variation of, in host population, 205 



Index 


899 


Ht'solulion, liniits of, 40 
Hes<)r<*iiiol, hacUiricidul acUvil y of, 67 
Hospirnlioa, B2 1 12 
aniMTohii^ 02 
imtotrophio, 91 - 97 
ga.H ox<!hanpr<^ io, 02 
lH‘MTo*rophi('. 97- JI2 
of autot rophic hactcrui, 91-97 
of uitrifyiaiJj huctcria, 91 
Hcpiratory raizyrncs, 04 

tra<4, natioval of bacteria from, 196 
Hetkailar c<4ls, 209 
lb‘ti<;ul<»-<‘a<k)thenal cytomycosis, 668 
HyHt<'ui, 290 

of ilax, 100 

Ucv<‘rsiou of (* colony type, 154 
of S-U variatioa, 150 
Hhagiocriiao c'<‘Hh, 209 
Hlaaanatie. fevtT, streptococci arul, 326 
Hhino.s<4eroma bacilluH, 300 
!Uu/.<i»biuin h'guminoHarum, 1 16 
H. ra<iici<‘(»Ia, 1 16 
Hhizobium, lif<^ <^ycle of, 150 
nitrogen fixation by, i 16 
Hhiv:oi»o(Ia, 701 
UhizopUH nigrkuniH, 623 

i*epro<hu;tive. Htructures of, 623 
Uiboflavin, 04, 123 
BirepUHHxuu and, 319 
structure of, 124 

IUbonucle:i<': a<;id, gram stain and, 32 
Uicdn, 176 
Hi<!kettsia, 762 779 
H. akanumhi, 777 
n. hovis, 779 
U. burn<‘li, 776 
n. <auus, 779 
H. diaporica, 776 
H. nudophagi, 762 
It. iup]>(>in('.a, 777 
U. <»ri(»ntalis, 777 
H. ovina, 779 
B. pediculi. 770 
B. pr<»wasseki, 770 
B. prowai^eki inooser, 770 
B, prowa/Xiki prowazoki, 770 
B. psittaci, 021 
B. quintana, 770 
B, rickettsii, 769, 774 
l\, ruminantium, 778 
H. tsutsugamushi, 777 
Bick<atsia, classification of, 767 
cultivation of, 762 
morphology of, 762 
staining of, 762 
trachoma and, 827 
vaccirn^s of, 763 

Bickcvttsial diseases, summary of, 768 
Bf deal- Walker, phenol coefficient, 75 


Rift Valley fever, 856 

Ring stage of malarial parasites, 719 

Ring test for precipitins, 272 

Ringworm, 637-642 

Ristella melaninogenica, 491 

Robin, 176 

Rock formations, penetration of, by bac- 
teria, 222 

Rocky Mountain spotted fever, 774 

Roll tubes, 23 

Rolling disease, “500 

Romer reaction, 254 

Ropy milk, 234 

Rosanilins, bacteriostatic activity of, 69 
Rosette, actinomycete, 603 
Ross malaria equations, 210 
Rough colonies, 49 
Rough variants, 152 

motile forms of, 155 
Roundworm infection, 749 
Rubiaceae and nitrogen fixation, 117 
Rural typhus, 777 
Russian encephalitis, 842 


S COLONIES, 49 
SSS, 249, 340 
STD, 331 
S-R variation, 152 
S variants, characteristics of, 153 
Sabouraud’s medium, 625 
Sabouraudites asteroides, 646 
S. audouini, 644 
S. lanosus, 644 

Saccharomyces cerevisiae, 651 
S. ellipsoideus, 651 
Salinem infection, 696 
Salmonella, 381-395 
S. abortus equi, 395 
S. abortus ovis, 395 
S- aertrycke, 393 

experimental epidemics of, 211 
in food poisoning, 243 
S. barielly, 393 
S. cholerae-suis, 394 
in food poisoning, 243 
S. eastbourne, 393 
S. enteritidis, 393 

experimental epidemic of, 211 
in food poisoning, 243 
S. gallinarum, 395 
S. hirschfeldii, 393 
S. moscow, 393 
S. newport, 394 
S. paratyphi A, 392 

heterophile antigen and, 156 
S. paratyphi B, 372 
S. paratyphi C, 393 
S. pullorum, 395 
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Salmonella sanguinarium, 395 
S. schottmiilleri, 392 
S. sendai, 393 
S. thompson, 394 

S. typhi, 399. See also Bad. iyphosurn. 
S. typhi-rnurium, 393 
in food poisoning, 243 
S. typhi-suis, 394 

Salmonella, antigenic structure of, 383 
biochemical dilTercntiation of, 389 
classification of, 387 
cultural characteristics of, 381 
food poisoning, 243 
immunological dilfcrcntiation of, 382 
nutritive requirements of, 381 
pathogenicity for animals, 394 
pathogenicity for man, 390 
toxins of, 382 
variation of, 387 
Salts, antagonistic cdect of, 66 
balanced solutions of, 66 
elTcet of, on disinfectants, 66 
lethal elfect of, 65 
San Joaquin fever, 665 
Sand filtration, water purification by, 227 
Sandflies, leishmaniasis and, 718 
Sandfly fever, 835 
Sao l^aulo typhus, 775 
Sapromyces laidlawi, 500 
Saprospira, 671 
Sarcina, 38 

S. aurantiaca, 128 
S. luLea, 128, 219, 315 
Sarcocystia, 729 
Satellite phenomenon, 461 
Sauer vaccine, 471 
Scarlatinal toxin, 320 
Scarlet fever, 330-334 
antitoxin, 332 
prevalence of, 333 
seasonal incidence of, 331 
transmission of, by milk, 232 
Scedosporium, 612 
Schick test, 287, 561 
Schistosoma douthitti, 739 
S. haematobium, 738 
S. japonicum, 738 
S. mansoni, 736 
Schistosomiasis, 738 
Schizogony of malarial parasites, 721 
Schizomycetes, 16 1 

Schizont stage of malarial parasites, 721 
Schlammfjeber, 696 
Schmitz’ bacillus, 416 
Schmorl’s bacillus, 490 
Schuffner’s dots, 721 

Schultz-Charlton blanching phenomenon, 
331 

Schultz-Dale reaction, 303 


Schweiiierotlauf, 619 
Schwellenwcrt, 261 
Sclavo’s anti-anthrax sera, 508 
Scolex of tapeworms, 739 
Scours, 373 

Scrotal reaction of rickettsiae, 772 
Scrub typhus, 777 
SoiiLiilurn, favic, 640 
Sea, bacteria in, 219 
Season, resistanc.e and, 192 
S(‘Cou<lary coccidioidomycosis, 665 
Secondary inhuitions, 186 

bacterial association in, 137 
Sediment t(‘st of milk, 237 
Siuvl virus, 805 

stage of malarial parasib^s, 721 
Seitz-Wt‘.rke lilu^r, 12 
Selection, imiminity and, 189 
of l>act(‘ria for size, 142 
Select iv<^ m(‘dia, 20 
Self-purification of streams, 230 
Semisolid nu^dia, 18 
Sensitization, inununological, 302 
photodynamic, 62 
Scnsitiz<^r, 259 

Separation of l)a(4<e:ria by animal iiiocaila 
lion, 24 
by heat, 23 
Septate inyceliuru, 621 
Septic sore throat, 327 
Septicemia, 185 

Ihict. typhoKum and, 402 
diphtlu^ria hacHhis and, 559 
non~spf)ruhding anaerobes and, 489 
staphyloeocK'i and, 312 
strep toooccJ and, 329 
S(Todiagno8i8 of nyphiliH, 686 
Serological t^ypcH. See Immunological type$. 
Serum globulin, antibodies an<l, 276 

nature of alteration in antibodies, 282 
S(irurn neutralization test, viruses and, 798 
Serum sickness, 304 
Sewage, bacteriology of, 229-230 
methods of disposal, 230 
pathogenic bacUTia in, 230 
transformation of organic matter in, 229 
Sex, resistance and, 191 
Sexual union of bacteria, 150 
Shake culture, 24 
Shape of bacteria, 37 
Sheaths, 41 

(beep, brucellosis of, 441 
Shellfish, typhoid fever and, 405 
Shiga’s bacillus, 413 

Shigella, 412-422. See also Dysentery bacilli. 
S. alkalcscens, 416 
S. amhigua, 416 
S, ceylonensis, 417 
S. dysenteriae, 413 
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Hhig<*lla niadampenai», 417 
8. paradysi-ifiteriat*!, 414 
8. Honri<‘i, 416 
8h<K‘k, anapliyliKdic, 301 
8hop typhuH, 772 
Si<l(» cdiaiKi th<‘ory, 279 
8igriHd<i growth curve, 51 
Silica tulHircidoais and, 579 
Silica gel, 21 

8iIi<ton content of bacteria, 54 
Silver HallH, eOVcl. of, 66 
Size of !>a<‘teria, 36 

HchHd.ion of haebsria for, 142 
variability in, 37 
Skin, n‘Histan<M'! an<l, 195 
Skin-tcHt dos<% 331 
Sh‘ef)ing 8ickn(‘K8, African, 711 
(bnnbian, 71 1 
Slime fev<‘r, 696 
Slipping, 39 
Smallpox, 302 
benign, 202, 303 
etpid<‘niiology of, 302 
malignant, 202, 303 
pathogenicity for man, 303 
n'lat.ion to vaccinia, 305 
varieticH of, 202, 303 
virus of, 304 
Smooth colonit*8, 49 
variantH, 152 
Snakts venom, 176 
Snapping, 39 
SnullleH, 447 

SoapK, bm’teri<ndal activity of, 67 
Sobernhtdm’a anthrax vaccine, 508 
Sodium alkyl aidfates, bactericidal activity 
of, 67 

Sodoku, 697 
Soft chaiutrc!, 473 

Soil, hmgevity of pathogenic bacteria in, 
221 

p<aHdration of, by bacteria, 222 
purilittation of, 230 
Burvival of bacteria in, 221 
Soil bacd-t^ria, numbers of, 220 
in water, 220 
Soil paHHage, 113 

Soluble toxins, 129, 173, See Exotoxins, 
Soitialic antigens. See 0 antigens. 

Sonic vibrations, effect of, 62 
Sonne’s Group 111, 417 
SOTT, 532 

Sou th African tick fever, 775 
Spahlinger vaccine, 584 
8[)arg<mum proliferum, 747 
Sp<‘ci<\s, bacterial, 165 

immunological relation of, 246 
resistance, 187 

specificity, immunological, 253 


Specific names of bacteria, 164 
rates, 205 

soluble substance, 249, 340 
Specificity, immunological, chemical basis 
of, 247 

of disinfectants, 70 
Sperraophile, 454 

Sphagnum moss, sporotrichosis and, 631 

Spindle-spores, 624 

Spinulosin, 136 

Spiral bacteria in water, 219 

Spiral microorganisms, classification of, 672 

Spiralia mentagrophytes, 646 

Spirals, 624 

Spirilleae, 423-436 

Spirillum cholerae, 423. See also V, cholerae, 
S. cholerae asiaticae, 423. See also V. 

cholerae, 

S, minus, 698 
S. morsus muris, 697 
S. rubrum, 128 
Spirochaeta. 671 
S. cytophaga, 99 
S. grippo-typhosa, 696 
S. icterogenes, 694 

S. pallidum, 681. See also T. pallidum. 

S. pertenue, 688. See also T. pertenue. 

S. pseudoicterogenes, 697 
Spirochaetaceae, 671 
Spirochaetales, 164 

Spirochetes, 671. See also Treponema, Bor- 
relia, Leptospira. 

Spirochetosis of fowls, 680 
Spirophyllum ferrugineum, 95, 96 
Splenic fever, 501 
Spontaneous generation, 4 
Sporangium, 623 

Spore-forming anaerobes, 511--542 
Spores, 43 

bound water in, 45 
formation of, 44 
by molds, 611 

environmental modifications of, 143 
germination of, 45 
of B. anthracis, 502 
of Cl. botuliniim, 536 
of Cl. chauvei, 534 
of CL histoly ticum, 531 
of CL novyi, 529 
of CL septicum, 523 
of CL sporogcncs, 532 
of CL tetani, 515 
of CL welchii, 525 
of yeasts, 650 

oxidation-reduction potential and, 90 

position of, 44 

relative size, 44 

shape of, 44 

stain, 33 
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Sporobolomycctaceae, 650 
Sporocyst of paragonimus, 732 
Sporotrichin, 632 
Sporotrichoses, 629 
Sporotrichum beurmanni, 630 
S. equi, 631 
S. schencki, 629 
Sporozoa, parasitic, 719 
Sporozoite of malarial parasites, 721 
Sports, 142 

Sporulating anaerobes, biochemical charac- 
teristics of, 512 
differentiation of, 54-0 
morphological characteristics of, 512 
Spotted fever, 357 

Rocky Mountain, 774 
Spotted fevers, 773-777 
Spray dish, 25 
Spreading factor, 182, 319 
Spring-summer encephalitis, 742 
St. Louis encephalitis, 843 
Staining, nature of, 30 
of bacteria, 30 
Stains-, 30 

Stalactite growth of Past, peslis, 450 
Standard antitoxin sera, 256 
hulfer solutions, 14 
descriptive charts, 36 
methods of milk analysis, 235 
of water analysis, 223 
Standardization of antitoxins, 256 
of penicillin, 135 
Standardized rates, 205 
Standards, bacteriological, for water, 226 
Staphylococcus, 38, 307-316 
St. aerogenes, 310 
St. albus, 307, 310 
St. anaerobius, 310 
St. asaccharolyticus, 310 
St. aureus, 128, 308, 310 

effect of pneumococcus on, 132 
in milk, 233 
St. bovis, 313 
St. citrous, 307, 310 
St. epidermis, 310 
St. hemorrhagicus, 313 
St. muscae, 310 
St. pharyngis, 310 

Staphylococcus, classification of, 310 
cultural characteristics of, 307 
fermentation products of, 308 
food poisoning by, 242 
immunity to, 314 
immunological types of, 311 
morphology of, 517 
pathogenicity of, for animals, 313 
pathogenicity of, for man, 311 
physiology of, 307 
pigment production by, 307 


Stupliylo<5o<‘eus, resistance of, 300 
species of, 310 
staining of, 307 
toxins of, 309 
vaccines of, 314 
variation of, 310 
Staphylolysiii, 177, 300 
Starch, hydrolysis of, 10, 100 
Steric hindrance, 284 
Sterigmata, 623 

Sterility, bach^rial, of hight^r anirnals, 1.50 
Sterilization, 8, 59 
by boiling, 9 
by cheinieals, 10 
by dry lieat, 8 
by nitration, 1 1 
by moist luiat, 9 
intermittent, 0 
of glassware, 8 
of instrurmuits, 8 

Sterols, neutraUzation of diphUu^ria toxin 
by, 555 

Stomach, bmiUidcidal action of, 106 
Strangles, 324 
Straus reaction, 547 

in actinol>a<’;inosiH, 616 
Strtiak plates, 23 
Stresams, self-purification of, 230 
Street virus, 853 
Str(^ptol)a(;illus, 39 
Str. monilirorinis, 614 

pleiiropneumonia-like organisniH and, 
499 

Str. multifornuH, 61 t 
Btrcptococcns, 38, 317 335 
Str. agalactiae, 324 
Str. anhemolyticus, 321 
Str. bovis, 325 
Str. brevis, 317 
Str. crernoris, 325 
Str. durans, 325 
Str. equi, 324 
Sir. cqtiinuH, 325 
Str. epidtunicus, 328 
Str. erysipelatis, 329 
Str. fecal is, 325 
in water, 223 
Str. hcmolyticuH, 32 L 
Sir. lactis, 325 

acid tolerance of, 64 
in milk, 233 
Str. liquefaciens, 325 
Str. longus, 317 
Str. mastitidis, 324 
Str. mucosus, 342 

Str. pneumoniae, 336. See also Pneumo>> 
coccus. 

Str. pyogenes, 324 
in milk, 233 
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*Slr<;ptoc<Hi<‘,UH saJivariiis, 324 
!St.r, scarlatinae, 332 
Str- th<TnK)philiiH, 325 
Sir. viridaiw, 321 
Str. zyinog(Mi«‘S, 325 

Slrc‘ptoc(>('ciia, allowabhi numbers in water. 
22 <> 

anaerobic, apcuaea of, 324 
l»ile HolubiUty of, 319 
rJaKHib<uU.ion of, 321 
(udlural charaol(’:riali(\s of, 31.8 
<b4iiie<l Hp<HaeH of, 324 
(lillertailialion of, 323 

types of, 335 

fernicntaljoii products of, 319 
bcrnolyti<^ types of, 321 
irnnninity to, 334 
m<»rpbology of, 317 
pathogcru<aty of, for animals, 334 
patbogenita'ty of, for man, 325 
physiology of, 318 
son* throat, 327 
staining of, 317 
toxins of, 319 
variation of, 320 
Str<‘ptolyHin, 177, 319 
Streptolysin O, 319 
Strt'ptolysin S, 319 
Str<‘ptoinyc.e:la(M';ae, 601 
Streptomycin, 134 
Si re[)|othri<’ir», 134 

Str<‘ptot.hrix, 601. S(h». also Actinomyces. 
Str. muris ratti, 614 
Sl,r. nc'crophoriis, 490 
Strippings, bac’itcria in, 231 
Stroiig’s ba<ulluH, 414 
Str<jngyloi(h‘H Htercoralis, 755 
Stru<‘k batallus, 526 
Stuttgart <lis(‘a.s<5, 695 
SubHlamir! Hiamibilisatrice, 259 
Su<‘<anic acid, formation of, 106 
Sugar broths, 15 
Sniixtstifer group of bacteria, 394 
Sulfadiazini', 71 
Sulfaguani(lin<\ 71 
Sulfanilami<h;, 71 
Sulfapyrazinc, 7 1 
Sulfapyriditie, 71 

Sulfate, photosynthetic formation of, 94 
Sulfa thiazole, 71 
Sulfide bacteria, 93 
Sulfide, oxidation of, 93 
Sulfonamides, 7 1 

culture, in presence of, 72 
Sulfur bacteria, 41, 92 

morphologic groups of, 92 
morphology of, 92 
photosynthetic, 93 
physiology of, 93 


Sulfur bacteria, purple and green, 93 
species of, 92 

Sulfur compounds, reduction of, 127 
Sulfur content of bacteria, 54 
Sulfur cycle, 95 

Sulfur granules, intracellular, 92 
Sulfur, oxidation of, 93 
Sulfuric acid, formation of, 93, 94 
tolerance of, 94 

Summer diarrhea, dysentery bacilli and, 
418 

Supersonic vibrations, effect of, 62 
Surface tension, agglutination and, 270 
effect of, on bacteria, 46 
Surgical soaps, bactericidal activity of, 
67 

Surra, 715 
Swamp fever, 696 
Swarming of Proteus, 478 
Swimmer's itch, 738 
Swimming pools, purification of, 229 
Swine, brucellosis of, 442 
erysipelas, 618 
influenza, 463, 812 
plague, 447 
rotlauf bacillus, 617 
Sycosis, 641 
Sylvatic plague, 453 
Symbiosis, 131 

Symbiotic nitrogen fixation, mechanism of, 
116 

Symbiotic nitrogen fixing bacteria, 115 
Symptomatic anthrax, 534 
Synergism, 137 
in disease, 186 
Synthesis, products of, 127 
Synthetic antigens, 248 
Syphilis, 681-688 
congenital, 685 
horse, 715 
immunity to, 685 
in animals, 688 
latent, 684 
primary stage, 684 
secondary stage, 684 
serodiagnosis of, 686 
tertiauy stage, 684 
Systems of cells, 290 


T ANTIGEN, of streptococci, 223 
TAB vaccine, 409 
TO, 582 
TPN, 84 
TR, 582 
Tabardillo, 771 
Taenia pisiformis, 743 
T. saginata, 742 
T. solium, 739 
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rapeworm(s), 739 rhumuii, 34, 121-124, 313 

dwarf, 744 aoetic ucsid ftsrinealatioii aiui, !07 

infection in man, 741 structure of, 124 

of lower animals, 745 Thiazins, hucterieidnl activity of, <>3 

Tarbagan, bubonic plague and, 454 Thiazole, 123 

Taxonomy, bacterial, 160 ring in thiamin, 124 

Tellurite media, diphtheria bacillus and, Thiobacillus, 92 


552 

Temperature coefficient of growth, 58 
effect on growth, 56 
effect on pigment production, 57 
effect on spore formation, 58 
low, effect of, 60 

mechanism of lethal effect, 60 
resistance of bacteria to, 61 
maximum, 57 

mechanism of effect on growth, 58 
minimum, 57 
optimum, 57 

shock, resistance and, 194 
Tercinin, 136 

Tertian malarial fever, 724 
Test, indol, 16 

nitrate reduction, 16 
Tetanolysin, 515 
Tetanospasmin, 515 
Tetanus, 513-521 
active immunization to, 520 
antitoxin, prophylactic use of, 519 
standardization of, 518 
therapeutic use of, 519 
chronic, 518 
immunity to, 518 
in animals, 517 
in man, 517 
neonatorum, 518 
spores, oxidation-reduction potentials in 
germination of, 90 
toxin, 515 

dissemination of, 516 
neutralization of, by nerve tissue, 517 
Tetramethylenediamine, formation of, 111 
Tetrathionate, formation of, 93 
oxidation of, 93 
reduction of, 93 
Thallus, 620 
Theiler’s virus, 852 
Thermal death point, 59 

in pasteurization, 238 
Thermal death time, 59 

in pasteurization, 238 
Thermal resistance, 59 

effect of growth phase on, 59 
effect of irradiation on, 59 
effect of pH on, 59 

Thermo-agglutination test for Brucella, 440 
Thermophiles, 57 
in milk, 239 

Thermoprecipitation test, for anthrax, 509 


T. d(uitrUicans, 793 
T. thiooxidans, aci<I toleranr.e of, 04 
T. thioparus, 93 
Thiohacteriah’is, 164 
Thioplaca, 92 
Thiospirillum, 92 

Thiosulfate, a(‘,robic oxidation of, 93 
a^a(^^ob^c oxidation ^)r, 93 
Thiothrix, 92 
TIuovulurn, 92 
Thread reaction, 267 
Three-<lay rev<ir, 335 
Thn^shold d<';risity, 209 
Thrombi, hertiagglutinins and, 26T 
Thrombin, coagulasc^ and, 131 
Thrush, 661 
“Thumps,” 750 
Thun!)erg lechni(iu(% 33 
Thymine, 55 
Thyrsi sporihirae, 623 
Tick fever, 676 
Tick-home encephalitis, 342 
Tin(‘a, 639 
irnhricata, 647 
tonsurans, 641 
unguium, 642 
versicolor, 647 

Tiselius appara(-us, fraction of imnuirm 
globulin and, 275 
Tissue culture of viruscB, 794 
Tissue-culture*, vaccdiic, 306 
Tissue immunity, 294 
Tobacco-mosaic virus, 793 
Tokelau, 647 
Toluene, oxidation of, 98 
Top yeasts, 651 
Torula glutinis, 65 1 
T. histolytica, 652 
Torula nuiningitis, 654 
Torulopsidaceae, 651 
Toulon typhus, 772 
Toxemia, 185 

Toxin-antitoxin, acquired immunity and. 
299 

diphtheria, 562 
dissociation of, 254 
reaction, 254 

Arrhenius and Madsen theory of, 256 
Bordet's theory of, 256 
Ehrlich's theory of, 2SS 
quantitative aspects of, 255 
rate of, 255 
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'r<)xiii"Uriti toxin, tetuims, 518 
'foxinH, I2<>, 173 

tjliaraoMTiHlioH of, J73 
tli(r(n'<»nlial adinity of cells for, 280 
<liphth<‘ria, 174 
in whooping cough, 469 
iruuihation period with, 176 
ixitracellular, 173 
nature of, 174 
neutralization of, 174 
nutritive nMpureinenls for production of, 
176 

of B, anthra<5is, 506 
of B. pertuHsis, 467 
of Bact. coli, 372 
of Bact. shigae, 413 
of C3. hotulimnn, 540 
of (U, novyi, 529 
of < 3. Kseptiourn, 524 
of (3, Ititani, 515 
of (3. welchii, 526 
of diphtheria bacillus, 554 
of gonococ'-cus, 353 
of 11. inlluenzao, 463 
of intiningococcus, 360 
of Past, pc^stia, 450 
of pinuunococci, 339 
of SalmomsUa, 382 
of staphylococci, 309 
of streptococci, 319 
of V, cholerae, 427 

pathology of gaseous gangrene and, 521 
pharmacological action of, 176 
potency of, 174 
properties of, 174 
soluble, 173 
foxoid, 175, 255, 299 
alurn-precipitated, 300, 563 
hotuliiium, 540 
diphtheria, 562 
staphylococcus, 314 
tetanus, 520 
'foxophore, 279 
Toxoplasma, 728 
Trachoma, 825 
bacteria in, 826 
inclusion bodies in, 826 
reproduction of, 826 
Ticket tsiao in, 827 
'Fransmission of infection, 198-217 
Transmutation of immunologic types, 155 
Treatment of sewage, 230 
Trematodes, 730 
Trench fever, 777 
Trench mouth, 490, 680 
Treponema, 671, 681, 691 
T, carateura, 691 
T. cuniculi, 691 
T. elusum, 691 


Treponema herrejoni, 691 
T. macrodentium, 691 
T. microdentium, 691 
T. mucosum, 691 
T. pallidum, 681-688 
cultivation of, 682 
immunity to, 685 
morphology of, 681 
pathogenicity for animals, 688 
pathogenicity for man, 683 
T. pertenue, 688 
T. recurrentis, 676 
T. refringens, 691 

Triamino triphenyl methane dyes, bacterio- 
static activity of, 69 
Trichinella spirsdis, 756 
Trichinosis, 757 
3>ichoderma, 136 
Trichomonas hominis, 708 
T. vaginalis, 708 
Trichophytid, 642 
Trichophytin, 643 
Trichophyton, 636 
T. acuminatum, 645 
T. asteroides, 646 
T. cerebriforme, 646 
T. concentricum, 647 
T. crateri forme, 645 
T. felineum, 646 
T. flavum, 646 
T. granulosum, 646 
T. gypseum, 646 
T. interdigitale, 646 
T. mentagrophytes, 646 
T. niveum, 646 
T. pedis, 646 
T. purpureum, 647 
T. rosaceum, 646 
T. roseum, 646 
T. rubrum, 647 
T. sabouraudi, 645 
T. schoenleini, 645 
T. tonsurans, 645 
T. violaceum, 645 
Trichuris trichiura, 749 
Tricresol, bactericidal activity of, 67 
Triose phosphate, formation of, 102 
Triphenyl methane dyes, bactericidal ac- 
tivity of, 68 

Triphosphospyridine nucleotide, 84 
Trophozoite, malarial, 719 
Trypaflavine, bacteriostatic activity of, 69 
Trypanosoma, 710-715 
T. brucei, 715 
T. cruzi, 713 
T. duttoni, 715 
T. equiperdum, 715 
T. evansi, 715 
T. gambiense, 710 
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Trypanosoma hippicum, 715 
T. lewisi, 715 
T. rhodesiense, 711 
Trypanosomiasis, 710 
Tryparsamide, 712 
Tsetse fly, 712 
Tsutsugamnshi disease, 777 
Tubercle, 578 

Tubercle bacilli, 231, 569. See also Mycobac- 
terium tuberculosis. 

Tuberculin, 581 
reaction, 582 
residuum, 582 
test in cattle, 583 
in man, 583 
Tuberculosis, 575-590 

active immunization against, 584 
acute miliary, 578 
birds and, 585 
case-death ratios in, 588 
decline of, 588 
domestic animals and, 585 
epidemiology of, 587 
experimental animals and, 586 
immunity to, 581 
lesions of, 578 
predisposing factors in, 579 
prevalence of, 589 
routes of inlection in, 576 
spread of infection in, 577 
Tuberculostearic acid, 574 
Tuberculous meningitis, 578 
Tularemia, 457 

bacillus of, 455. See also Past, lalarense. 
epidemiology of, 458 
in animals, 458 
in man, 457 

Turtle bacillus vaccine, 584 
Twort-d’Herclle phenomenon, 858 
Tyndallization, 9 

Type specificity, immunological, 253 
Type transformation of pneumococci, 343 
Types, bacterial, in classification, 168 
Typhoid bacillus, 396. See also Bad. ly- 
phosum. 

carriers, development of, 403 
excretion of bacilli by, 403 
incidence of, 404 
treatment of, 404 
Typhoid fever, 401 

complications of, 402 
contact infection in, 406 
course of, 402 
endemic, 406 
epidemic, 405 
. epidemiology of, 405 
food-borne, 405 
immunity to, 408 
immunization to, 408 


Typhoid fever, inilk-borue, 405 
passive immunity to, 410 
prevalence of, 401, 407 
residual, 406 

seasonal ineidenee of, 406 
serum treatment of, 410 
transmission f>y ice, 223 
water-borne, 405 
Widal test in, 408 
Typhoid va(X*iiie, antigens in, 409 
endo toxoid, 410 
immunizing ellieieney of, 410 
oral administration of, 410 
Typhoidal tularemia, 457 
Typhus fever, 770 
emlemic, 771 
epidemic, 770 
epidemiology of, 770 
European, 770 
immunity to, 771 
in animals, 772 
in man, 770 
murine, 771 

Weil-F(^Iix reactioxi itn, 772 
Tyrocidin, 133 
Tyrothriein, 133 


IJixU'ja (liseasc! of trout, 480 
Ulcerative eoliUs, non-sporulating anae- 
robes and, 490 

UlcciiraUve (mdocarditis, strepUHtocua and, 
327 

Ulc<*.rative stomatitis, 490 
(Jloeroglandular talanania, 457 
Ulcus interdigitale, 613 
U 1 traecai trif uga lion, 788 
1 JltramicTos<;op<;* 40 
Ultrasonic waves, <^(T(‘ct of, 62 
Ultraviolet light, (OltMd. of, 61 
Undulant fever, 437-446. Set» also /Im- 
ccllosis. 

Unitarian hypotbesis, 277 
Uracil, 55 

staphylococci and, 308 
Uronic acid, 249 

Uterine strip, anaphylac.tie shock in, 302 


VIA, 196 

Y factor, 122 

H. induenzae and, 461 

Y strain of 15. Oexneri, 414 
Vaccination, 805 
Vaccine lymph, 804 
Vaccines, 298 

.mixed, 300 
polyvalent, 300 
TAB, 409 
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Vticioiiiia, 804 
eleintnitary IkxHch of, 804 
irK^IuHHai ho<li<\s in, 804 
pai.hoKnnu’.ity for animals, 804 
palhoi^taiitaty for man, 804 
rolatiorii to variola, 805 
virus of, 804 
Vao<anoitl n^action, 806 
Valiaujo of anUlxxIit's, 283 
of antigons, 283 
Valoncy and toxicity of ions, 65 
Vall('!y IV.vcr, 665 

Variant typ<^ of cbolcra vibrio, 428 
Variation, l)a<4.orial heredity and, 139- 
ir>9 

acipiiring of charac^ters in, 157 
ami (‘laHsilication, 160 
ct*H population and, 149 
diwxmtinuouH, 142 
Ihud.uating, 142 
frcxpaumy distribution and, 149 
H-O, 155 

iuuuuaol()gi<',al aspects of, 155 
inununological, 154 
int(U’pr(d.ation of phenomena of, 156 
loss of chamcters in, 156 
of B. anthracis, 504 
of B, piirtussis, 467 
of Bact. coli, 372 
of Bact. Iriedliinderi, 379 
of Bact. typhoHum, 401 
of Bnuxdia, 440 
of diphtlasria bacillus, 556 
of Krysipelothrix rhusiopathiae, 617 
of gonococcus, 353 
of 1 1. influenzae, 463 
of I ja<itohacillu8, 482 
of imuiingococcus, 360 
of pneumococcus, 343 
of r(*sistam*.<^ in liost populations, 205 
of Salmonella, 387 
of staphylococci, 310 
of str<^ptooo<X‘/i, 320 
of tuh(*rcle hacUli, 574 
of virulence in epidemiology, 203 
of virusew, 796 
phas(‘,, 155 

in Sahriomdla, 387 
re-acquiring characters in, 157 
rOle of environment in, 148 
S-Il, 152 
Varicella, 855 

Variola, 802. See also Smallpox, 

Vegetative mycelium, 621 
Veillonella gazogenes, 368 
V. parvula, 368 
Vernal encephalitis, 842 
Verruca tuberculosa, 576 
vulgaris, 855 


Verruga peruana, 492 
Vi antigen in Bact. typhosum, 399 
in S. paratyphi C, 400 
in typhoid vaccine, 409 
virulence and, 400 

Vibrio cholerae, 423-436. See also Cholera. 
antigenic structure of, 428 
carriers of, 430 
examination of feces for, 430 
immunity to, 433 
morphology of, 423 
pathogenicity for animals, 433 
pathogenicity for man, 429 
physiology of, 424 
toxins of, 427 

V. comma, 423. See also V. cholerae. 

V. danubicus, 434 
V. fetus, 436 
V. ghinda, 434 
V. massauah, 434 
V. metchnikovii, 436 
V. phosphorescens, 434 
V. piscum, 436 
V. proteus, 434 

Vibrion septique, 522-524, See also Cl. 
septicam. 

Victoria green, bactericidal activity of, 
69 

Vincent’s angina, 490, 680 
Vinegar fermentation, 107 
Viridans streptococci, 321 
Virulence, 172-186 
alterations in, 143 
capsules and, 183 
coagulase and, 181 
definition of, 172 
degeneration and, 158 
enhancement of, by non-bacterial sub- 
stances, 184 
fiibrinolysin and, 182 
loss of, 143 

of S and R variants, 153 
relation of hemolysins to, 180 
relation of leucocidins to, 181 
route of infection and, 185 
spreading factor and, 183 
strain variation in epidemiology, 204 
variations in, in epidemiology, 204 
Vi antigen and, 399 
Virulins, 177 

irus diseases of man, 802-857 
irus inactivating agent, 196 
irus proteins, 793, 801 
i^iruses, 780-801 
adaptation of, 796 
centrifugation of, 788 
chemical composition of, 793 
cultivation of, 794 
cytotropism of, 781 
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Viruses, degeneration and, 782 
density of, 790 
derraatropic, 782 
effect of chemical agents on, 792 
effect of physical agents on, 792 
effect on host cells, 782 
filterable bacteria and, 152 
filtration of, 788 
humoral antibodies to, 798 
hypersensitivity to, 799 
immunity to, 797 
malignant tumors and, 783 
metabolism of, 781 
mutation of, 796 
nature of, 801 
neurotropic, 782 
pantropic, 782 
phylogeny and, 158 
physical characters of, 787 
pneumotropic, 782 
proliferation and, 782 
sedimentation of, 790 
shape of, 791 
size of, 788 

tissue predilection of, 782 
variation of, 796 
viscero tropic, 782 
Visible light, effect of, 61 
Vitamin Bo, streptococci and, 319 
Vitamin C, neutralization of diphtheria 
toxin by, 555 
Vitamins, bacterial, 121 
structure of, 124 
requirements of bacteria, 122 
resistance and, 193 
Vivax malaria, 723 
Voges-Proskauer reaction, 375 
Vole bacillus, 596 
Volutin, 47 
von Pirquet test, 583 
Vxilvovaginitis, gonorrheal, 355 


W STRAIN of B. flexneri, 414 
WS strain of influenza virus, 811 
Wandering resting cells, 289 
Warts, 855 

Wassermann test, 261, 686 
in lepers, 594 
Water, 218-229 

analysis, standard method of, 223 
assay of sanitary quality of, 225 
bacterial contamination of, 220 s 
bacteriological analysis of, 223 
contamination of, by excreta, 222 
content of bacteria, 54 
factors influencing bacteria in, 222 
individual purification, 229 
lethal effects of, 64 
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Water, native bacterial flora of, 219 
numbers of bacteria in, 220 
pollution of, 222 
small-scale purification of, 229 
supplies, purification of, 226 
Watsonius watsoni, 736 
Wcil-Fclix reaction, 479, 766 
in rat-bite fever, 698 
Weil’s disease, 694 
Welch’s bacillus, 524 
Wesbrook types of C. diphtheriae, 551 
Wetting ag(uits, action of, <)n bacteria, 
67 

Whooping cough, 468-472. See also H. per- 
tussis. 

B. pertussis and, 468 
cough plate culture in, 469 
epidemiology of, 470 
(».xperiin<‘,ntal production of, 498 
immuru(,y to, 471 
inclusion hoditis in, 468 
prevahuice of, 470 

propbyla(di<j inoculation against, 471 
seasonal iruadcnce of, 471 
Widal test, 245, 408 
Wilsdon typt^H of Cl. welchii, 526 
Winckd’s disease, 373 
Wolhynian fev<!r, 777 
Wooden tongue, 606 
Wood-Fildes theory of drug action, 72 
Wood’s light, use in dermatophvtoHis, 
642 

Woolsortcrs’ dist^asc, 506 
Wright’s slain, 33 
Wuchercria bancrofti, 758 
W. malayi, 760 


X FACTOR, 122 

H. infiuenzae and, 461 
X strain of B. flexneri, 414 
x-Ilays, effect of, 62 

irradiation, mutations produced by, 62 
Xylol, oxidation of, 98 


y STRAIN of B. fl(5xneri, 414 
Yaws, 688 

Yeasts and yoast-like fungi, 650-670 
Yeasts, pathogenic, summary of, 652 
Yellow enzyme, 84 
Yellow fever, 829 
control of, 831 
epidemiology of, 830 
etiology of, 829 
field surveys in, 832 
immunity to, 833 
in animals, 831 
in insects, 831 
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Yellow fove.r io man, 829 
jungle, 832 
traoHmisHion oi\ 831 
viniH of, 831 
milk, 234 

Yellowj* of (logH, 693 


Z STBAIN of B. flexneri, 414 
Zootoxins, 176 
Zwischenkorper, 280 
Zygospore, 621 
Zymonema dermatitides, 657 
Zymophore, 280 



